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-S,O)]Cl complexes (where diimine is 1,10-phenanthroline 
(phen) or 2,2’-bipyridyl (bipy) and L
n
-S,O represents various chelating N,N-di(alkyl)-N’-
acylthioureas) have been synthesized and characterized. The 
1





S,O)]Cl was unambiguously assigned using 1D NOESY experiments which confirms previous 









-S,O)]Cl complex on its antimalarial activity has been investigated.   
The first crystal structure of Pt
II
(bipy)Cl2 which co-crystallized with a solvent molecule 
(acetonitrile) has been obtained. The crystal packing of the yellow Pt
II
(bipy)Cl2·CH3CN crystals show 
close contact between the Pt centers of adjacent molecules. This interaction is similar to the Pt
…
Pt 
interaction observed for the red polymorph of Pt
II
(bipy)Cl2, which displays significant dz2-orbital 
overlap and the reason for the bathochromic or red-shift observed for this polymorph.  











-S)2 which could be synthesised in high yields after optimisation. 




-S)2 shows intra-molecular aromatic π-stacking interactions 
between the naphthoyl moiety of the coordinated L
2
 and the coordinated phen ligand. This π-stacking 
interaction was found to be present in methanol-d4 solutions using 1D NOESY experiments, which 




-S)2 in the synthesis of [PtII(phen)(L2-S,O)]Cl. This 





-S)2 complexes in high yields, especially those with aroylthiourea ligands. 




-S)2 revealed inter-molecular π-stacking between the 1,10-





-S)2 in chloroform. The versatility of N,N-di(alkyl)-N'-acylthiourea ligands to 
coordinate in a monodentate fashion via the sulphur donor atom or as a chelate via the oxygen- and 





-S,O)]Cl and neutral PtII(phen)(Ln-S)2 complexes. 




-S,O)]+ in 0 - 100 % (v/v) D2O:CD3CN solutions 
has been investigated by means of significant concentration dependence of 
1
H NMR chemical shifts  




-S,O)]+ forms regiospecific 
non-covalent dimers, 2M
+
 ⇌ {M+}2, in 0 to 30 % (v/v) D2O:CD3CN solutions. The extent of 
dimerisation increases significantly as the D2O content is increased, with the dimerisation constant 
(KD) increasing from 17 ± 2 M
-1
 in CD3CN to 71 ± 8 M
-1
 in 30% (v/v) D2O:CD3CN at 299.3K, 
presumably via non-covalent cation-π interactions (ΔrG0CD3CN = -7.0 kJ.mol-1; ∆rG030%D2O:CD3CN = -10.4 
kJ.mol
-1
).  Experimental data are consistent with an ‘offset’ face-to-face cation-π stacking 







(v/v) D2O:CD3CN to pure D2O, the extent of aggregation significantly increases until a critical 
aggregation concentration (CAC) is reached, estimated to be 9.6 and 10.3 mM from 
1
H NMR 
chemical shift concentration dependence and DOSY NMR measurements respectively. Above the 




-S,O)]+}nCl-y (n, y > 
2) is indicated. DOSY studies show a significant decrease of the average diffusion coefficient Dobs as 




-S,O)]Cl in D2O. The aggregation number (N) 




-S,O)]+ cation (VH0), and 
those VH estimated from Dobs (N = VH/VH0) as a function of total complex concentration, ranges from 
2 to ~735 in pure D2O. Above the CAC the well defined nano-structures, which may be loosely 
termed “metallogels”, could be characterized by means of Transmission Electron Microscopy. As 
expected, the addition of NaCl appears to increase the extent of aggregation formation, presumably by 




-S,O)]+}nCl-y aggregates thus preventing 





-S,O)]+ cation forms relatively  strong non-covalent 1:1 outer-sphere complexes 
with pyrene (C16H10), with association constants (37.9 M
-1
) similar to that observed for the 
fluoranthene (39.7 M
-1





-S,O)]+ with the corresponding ΔrH(M/P) = -18.1 3 kJ.mol-1 compared to 
fluoranthene (ΔrH(M/F) = -13.3 3 kJ.mol
-1
), which is postulated to be due to the larger 






A β-haematin (synthetic crystalline ferriprotoporpyhrin, Fe(III)PPIX) inhibition assay has been 














S,O)]+ complexes was found to significantly inhibit β-haematin formation, while the respective 




-S,O)]+ complexes were found to be significantly better β-









-S,O)]2+, where L9 = bis-(N,N-diethyl)-N’-adipoylthiourea consisting of two S,O-
coordination sites, was found to be the most efficient β-haematin inhibitor tested with a corresponding 





more efficient than the known antimalarials chloroquine (34 ±2 μM) and amodiaquine (13 ±1 μM). 




-S,O)]+ complexes and the solution species of haematin are 
postulated to be mainly cation-π interactions while other possible contributing non-covalent 
interactions include ion-pairing, π-stacking, cation-π interactions and potential coordination of the 
acyl group of L
n














-S,O)]Cl komplekse (waar di-imien 1,10-fenantrolien (phen) of 
2,2’-bipiridiel (bipy) is en L
n
-S,O  verskeie chelerende N,N-di(alkiel)-N’-asielthioureas verteenwoordig) 
was gesintetiseer en gekarakteriseer. Die 
1




-S,O)]Cl was eenduidig 
toegedeel deur gebruik te maak van 1D NOESY eksperimente en het vorige toedelings van hierdie 









, op die anti-malaria aktiwiteit daarvan het, word in hierdie studie ondersoek.  
Die eerste kristalstruktuur van Pt
II
(bipy)Cl2, wat mede-kristalle met die oplosmiddel molekule 
(asetonitriel) gevorm het, is verkry. Die kristalpakking van die geel Pt
II
(bipy)Cl2·CH3CN kristalle toon dat 
daar noue kontak tussen die sentrale Pt-atome van aangrensende molekules is. Hierdie interaksie is 
soortgelyk aan die Pt···Pt interaksie wat vir die rooi polimorf van Pt
II
(bipy)Cl2 waargeneem is. Die rooi 
polimorf toon beduidende dz2-orbitaal oorvleueling wat die batochromiese of rooi-verskuiwing wat 
waargeneem is, teweeg gebring het.  




-S,O)]Cl kompleks is beduidende hoeveelhede van die 
nuutontdekte bis-monodentaat gekoördineerde-L2 kompleks, PtII(phen)(L2-S)2, gevorm en na verdere 





-S)2 toon intra-molekulêre aromatiese π-stapel interaksies tussen die 
naftoiël groep van die gekoördineerde L
2
 en die gekoördineerde phen ligand. 1D NOESY KMR 





-S)2 tydens die sintese van [PtII(phen)(L2-S,O)]Cl kan verduidelik. Soortgelyk 





-S)2 komplekse in hoë opbrengste lewer, veral die met aroiëlthiourea ligande, waargeneem. 




-S)2 het verder getoon dat daar inter-molekulêre π-stapel interaksies 
tussen die 1,10-fenantrolien ligande van die twee aangrensende komplekse is, soortgelyk aan die interaksie 




-S)2 in chloroform gepostuleer is. Die veelsydigheid van N,N-
di(alkiel)-N'-asielthiourea ligande om of in ŉ monodentate wyse via die swael donoratoom of as ŉ chelaat 
via beide die suurstof en swael donoratome te kan koördineer, is getoon deur die relatiewe hoë opbrengste 




-S,O)]Cl en neutrale PtII(phen)(Ln-
S)2 komplekse. 




-S,O)]+ in 0 - 100 % (v/v) D2O:CD3CN oplossings is 
ondersoek deur die beduidende konsentrasie-afhanklikheid van die 
1
H KMR chemiese verskuiwings te 





-S,O)]+ vorm regio-spesifieke nie-kovalente dimere, 2M+ ⇌ {M+}2, in 0 to 30 % (v/v) 
D2O:CD3CN oplossings. Die graad van dimerisasie neem aansienlik toe soos die persentasie D2O verhoog, 
met die dimerisasiekonstante (KD) wat van 17 ± 2 M
-1
 in CD3CN tot 71 ± 8 M
-1
 in 30% (v/v) D2O:CD3CN 
by 299.3K toeneem, vermoedelik via nie-kovalente katioon-π interaksies (ΔrG0CD3CN = -7.0 kJ.mol-1; 
∆rG
0
30%D2O:CD3CN = -10.4 kJ.mol
-1







aangesig-tot-aangesig katioon-π stapel rangskikking van die planêr kationiese komplekse. Terwyl in 
waterryke mengsels van oplosmiddels waar die D2O konsentrasie toeneem vanaf >30% (v/v) D2O:CD3CN 
tot suiwer D2O, neem die graad van samebondeling (“aggregation”) aansienlik toe totdat ŉ kritiese 
samebondeling konsentrasie (CAC) beryk word, wat deur middel van 
1
H NMR chemiese verskuiwing 
konsentrasie-afhanklikheid en DOSY KMR metings as 9.6 en 10.3 mM onderskeidelik, bepaal is. Bo die 




-S,O)]+}nCl-y (n, y > 2) 
geformuleer is. DOSY KMR studies het gewys dat daar ŉ beduidende afname in die gemiddelde diffusie 




-S,O)]Cl in D2O toeneem. Die 
samebondeling nommer (N), wat vanaf die hidrodinamiese volumes van die mononukleêre [PtII(phen)(L1-
S,O)]+ katioon (VH0) en die VH afgelei van die Dobs, bereken kan word (N = VH/VH0), wissel van 2 to 
~735 in suiwer D2O as ŉ funksie van die totale konsentrasie van die kompleks. Bo die CAC is goed-
gedefinieerde nanostrukture, wat losweg “metallogels” genoem kan word, met Transmissie 
Elektronmikroskopie gekarakteriseer. Soos verwag, het die toevoeging van NaCl die graad van 










-S,O)]+ katioon vorm relatief sterk nie-kovalente 1:1 buite-sfeer komplekse met 
pireen (C16H10), en het ŉ assosiasie konstante van 37.9 M
-1
 wat soortgelyk is aan die wat vir fluorantheen 
(39.7 M
-1





S,O)]+ vorm (ΔrH(M/P) = -18.1 3 kJ.mol-1) as fluorantheen (ΔrH(M/F) = -13.3 3 kJ.mol-1). Daar word 
gepostuleer dat die rede hiervoor is dat die groter aromatiese π-oppervlak van pyreen waarskynlikheid ‘n 




-S,O)]+ katioon vorm. 





-S,O)]+ komplekse, sowel as op [PdII(phen)(L1-S,O)]+ en [PtIICl(dmso)(en)]+ uitgevoer om 










-S,O)]+ komplekse is gevind om aansienlik beter β-haematin inhibitors as die [PtII(bipy)(Ln-
S,O)]+ en [PdII(phen)(L1-S,O)]+ variasies te wees. [PtII2(phen)2(L9-S,O)]2+, waar L9 = bis-(N,N-dietiel)-N’-
adipoylthiourea bestaande uit twee S,O-koördinasie posisies, is bevind as die mees doeltreffende β-
haematin inhibitor met toetse wat bewys het dat IC50 = 8 ± 1 μM verkry is; sowat die helfte van die IC50 




-S,O)]+ komplekse en meer doeltreffend as die welbekende anti-





-S,O)]+ komplekse en die spesies van haematin wat in oplossing is, word gepostuleer om 
hoofsaaklik katioon-π interaksies te wees, terwyl ander nie-kovalente interaksies soos ioon-paring, π-
stapel, katioon-π interaksies en potensiële koördinering van die asiel groep van L
n
 en die sentrale Fe(III) 
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1.1 Biological activity of square planar platinum complexes 
The use of metal complexes as pharmaceuticals has great potential for development of drugs 
with novel/unique mechanisms of action.
1
 Apart from the potential of the metal to take part in 
the binding to specific target sites, metal complexes have the advantage of large degree of 
structural variability, induced by numerous ligands and substituents on such ligands. 
Furthermore, complexes can be neutral or formally charged, depending on the oxidation state 
of the metal and the ligand system utilised. Cationic complexes for example interact more 
readily with a range of negatively charged biomolecules such as the negatively charged 
backbone of DNA.
1
 Metal complexes also have the advantage of retaining their formal charge 
over a range of pH values in the matrix, provided the ligands themselves are not pH sensitive.  
 
Platinum complexes have great potential for this application since the metal is almost 
kinetically inert compared to some other transition metals. The use of platinum complexes as 
bioactive agents escalated from the discovery of the famous anticancer drug cisplatin (cis-
diaminedichloroplatinum(II)), by Rosenberg in 1965.
2
 Platinum-based anticancer drugs are 
still being used over three decades after the discovery of cisplatin, with annual sales in the 




Figure 1.1 Schematic showing the cytotoxic pathway for cisplatin.3  
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Following the determination/elucidation of the mechanism of complex interaction with DNA 
(Figure 1.1), extensive research has been conducted to develop complexes with the ability to 
bind/associate with DNA via a range of interactions such as direct coordination to DNA.3 
Moreover, non-covalent interactions between transition metal complexes and DNA occur by 




Charged platinum(II) diimine complexes, where the diimine is 1,10-phenanthroline or 
substituted variations thereof,  have been shown to have a range of antimicrobial
4
 and even 
antiviral
5
  activity, presumably as a result of DNA intercalation. Egan and Koch have shown 
that the cationic complexes, [Pt
II
(diimine)(N,N-di(alkyl)-N’-acylthiourea)]+X-, display 
significant antimalarial activity in the chloroquine resistant strains of Pasmodium 
falciparum.6 
The advantage of using platinum(II) complexes for medicinal applications is the unique 
chemistry associated with this metal centre, forming stable complexes with generally slow 
ligand exchange kinetics. This potentially allows for the drug molecule to reach the intended 
target site unaltered. Furthermore, the square planar geometry allows for direct non-covalent 
interactions such as intercalation with the metal centre while a wide variety of ligands with 






1.2 Antimalarial drug discovery 
Malaria is the fifth most lethal infectious disease in the world.
10
According to the World 
Health Organisation, worldwide there are more than 1 million deaths and 250 - 500 million 
infections of malaria annually.
11
 The most affected areas are sub-Saharan Africa where the 
effective control of the disease is almost impossible due to additional economical and socio-
economical challenges apart from the tropical environmental factors. The fight against 




Malaria is caused by the Plasmodium (P.) parasite of which five strains are pathogenic to 
humans, P. falciparum, P. vivax, P. ovale, P. malariae and occasionally,  P. knowlesi. The 
Plasmodium falciparum strain is the most studied parasite since it can be cultured and is 
believed to be responsible for 90% of the mortalities worldwide and also exhibits a significant 








The two active compounds used against malaria before the time of modern pharmaceuticals 
were artemisinin and quinine (Scheme 1.1a and b), extracted from natural sources. 
 
Scheme 1.1 The two ancient antimalarials, (a) artemisinin and (b) quinine extracted from the 
barks of the Artemisia annua and Cinchona trees respectively. (c) The well known synthetic 
antimalarial, chloroquine. 
Artemisinin was initially extracted from the bark of the sweet wormwood tree (Artemisia 
annua) known from ancient Chinese medicine which makes it probably the oldest 
antimalarial.
14,15
 In 1979, artemisinin was scientifically proven to be an effective antimalarial 




Quinine on the other hand, was extracted from the bark of the Cinchona tree and was used 
by the Incas and other Quechua people in South America as a treatment for fever and 
unknowingly for malaria, since fever is a symptom of malaria infection. Various synthetic 
derivatives of quinine became available in the last century with chloroquine (a 4-
aminoquinoline compound) being the first clinically available synthetic antimalarial drug in 
1947 (Scheme 1.1c) which were less toxic and easier to produce than quinine.
16
 Furthermore, 
chloroquine is considered one of the most successful drugs ever produced because it is safe, 
cheap and has saved millions of lives to date.
16
 
However, the effectiveness of the current treatment of malaria has drastically been 
compromised by the manifestation of drug resistance.
17
 The global distribution of malaria as 
well as the reported drug resistance to the two commonly used chloroquine and sulphadoxine-
pyrimethamine drugs is shown in Figure 1.2. 
(a) (b) (c) 
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Figure 1.2 The global malaria-endemic regions (in red) with reported drug resistance to 
commonly used antimalarial drugs, chloroquine and sulphadoxine-pyrimethamine, as 
indicated on the map.
10,17 
1.2.1 The life cycle of Plasmodium falciparum 
The life cycle of the malaria parasite consists of three major stages, which take place across 




Figure 1.3 The life cycle of the malaria parasite Plasmodium showing the stages of 
development of the parasite in the two hosts. (picture reproduced from MSN Encarta)
18 
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The first stage involves transfer of sporozoites from the mosquito on biting of the human 
host, where they enter the blood stream (A on Figure 1.3). The sporozoites infect the liver (B) 
in which they multiply asexually for ~10 days to become merozoites. These merozoites 
subsequently enter the blood stream (C) and invade the red blood cells. This marks the onset 
of the second stage of the life cycle. The parasite matures further and reproduces asexually 
results in a drastic increase in the number of parasites in the host, which is cause of the 
symptoms presented in an infected human (D). The merozoites form sexual gamatocytes (E) 
which are transferred to the mosquito upon feeding on an infected human host (F) and is the 
onset of the third stage of the life cycle.  
 
Sexual reproduction takes place in the gut of the mosquito resulting in zygotes which are 
ultimately responsible for the release of sporozoites in the salivary glands of the mosquito 
(G), completing the life cycle of the malaria parasite. The disease spreads by the transfer of 
sporozoites into another human host (H) where the whole cycle repeats itself. The disease 
spreads rapidly, since the life cycle of Plasmodium falciparum is so short (10-14 days). 
Current attempts to control the disease include minimising human exposure to mosquitos in 
general by spraying large areas with pesticides and using mosquito poison and nets in housing 
areas.  
 
1.2.2 Malaria treatment and Drug design 
Various drug targets have been identified in the fight against malaria over the past decade.
10,16 
The majority of  antimalarial drugs target the parasite while it resides in the blood of the 
human host (the blood stage), since it is during this stage that the typical fever-like symptoms 
are observed and from which the disease is diagnosed.
12
 The exact mechanism of action of 
most antimalarial drugs is still contentious, although most drugs target the blood stage of the 




During the blood stage when the parasite resides in the red blood cell (RBC), the 
haemoglobin of the host is used as a food source for the parasite. Haemoglobin (Hb) from the 
human red blood cell (Figure 1.4) is endocytosed into the cytoplasm (cyt; blue) of the parasite 












Figure 1.4 Representation from Egan et al. of the mode of action of chloroquine (CQ) in the 
malaria parasite in the human red blood cell which shows the transport of CQ to the food 
vacuole of the parasite where CQ accumulates as a result of the protonation of CQ to form 
CQH2
2+





Haemoglobin consists of protein and 4 prosthetic haem groups. The protein is digested to 
polypeptides (pp) and finally amino acids (aa) which are used as an energy source. Upon 
release, haem is oxidised to haematin (h) (ferriprotoporphyrin) which is a toxic by-product 
which causes the death of the parasite from its accumulation in the food vacuole. To prevent 
toxic levels of haematin, Fe(III)PPIX biomineralise through dimerisation to form the 
insoluble crystalline haemozoin (Hz) (Figure 1.5), that appears as black spots under a 
microscope and is commonly known as malaria pigment.
12,20
  
Transporter in the 
CQ resistant parasite 
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Figure 1.5 The packing arrangement of synthetic haemozoin or β-haematin which consists 
of cyclic dimers of haematin viewed along the c-axis.
21
 (Picture reproduced from reference 
12) 
Chloroquine (CQ) and other antimalarials are believed to be effective by inhibiting this 
detoxification step. Chloroquine for example, accumulates in the food vacuole of the parasite 
in the protonated (CQH2
2+
) form through pH-trapping, which leads high concentrations of 
CQH2
2+
 to effectively inhibit haemozoin formation, leading to the death of the malaria 
parasite due to toxic levels haematin.
19
 However, in chloroquine resistant strains, the PfCRT 
transporter protein in the membrane of the food vacuole has mutated to decrease the 
protonated chloroquine concentration, leading to ineffective haemozoin inhibition due to low 
concentrations of the drug molecule in the food vacuole.
22,23
  
The effective treatment of malaria in the future will ultimately rely on new anti-malarials 
to be discovered and these will have to be modified constantly to treat resistant strains of 
malaria. Egan and co-workers based on the above model of drug action proposed some 
essential properties for future potential drug compounds acting in the food vacuole of the 
parasite during the blood stage; these include effective accumulation of the drug in the food 
vacuole and strong association/complexation with haematin to effectively inhibit haemozoin 
formation as being of paramount importance.
6
 
Antimalarial drugs acting as haemozoin inhibitors have the ability to strongly 
associates/interacts with haematin mainly through non-covalent interactions while covalent 
bonding are often the mode of interaction.
24
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1.3 Non-covalent drug interactions 
Non-covalent interactions play a central role in many chemical and biological systems.
23-29
 




 relative to covalent bonding and complex in nature, which 
makes them especially difficult to study.
26
 Nevertheless, these weak interactions are 
extremely important in biological processes and are essential for the functioning of living 
organisms which includes protein folding
27
, enzyme catalysis, the function of DNA and 
RNA,
28






Furthermore, non-covalent interactions 
are also responsible for self-association of molecules in solution and they play an important 




Physical properties of compounds and mixtures are also 
determined by non-covalent interactions as seen in melting and boiling points, viscosity, 
solvation, adsorption, condensation and crystallization.
28 
The most common non-covalent interaction is the hydrogen bond, which holds our DNA 
double helix in place and gives water its unique properties, enabling it to be the 'solvent' of 
life. The structure of the DNA double helix is determined by hydrogen-bonding between the 
complementary nucleobases to keep the two strands together, while π-stacking interactions 
between the stacked bases is believed to be responsible for the helical structure of this 
macromolecule (Figure 1.6). 
 
Figure 1.6 The importance of hydrogen bonding and π-stacking for the structural integrity of 











Most weak interactions in molecular assemblies are a combination of a range of weak non-
covalent interactions which complicates the identification/characterization and contributions 
of the respective interactions.
26 
The stabilisation energies of some non-covalent bonding 
interactions in proteins are shown in Table 1.1 as an example. 
 











































The remarkably complex structure and behaviour of proteins can to some extent be ascribed 
to the relatively weak stabilization energies associated with the non-covalent interactions 
shown in Table 1.1. Other common non-covalent interactions relevant to our study include 
ion-pairing, aromatic-π stacking, cation-π interactions and hydrophobic effects which will be 
discussed in more detail. 
1.3.1 Hydrogen bonding  
The first mention of a hydrogen bond dates back to 1912 with Moore and Winmill ascribing 
the weaker basicity of trimethylammonium hydroxide compared to tetramethylammonium 
hydroxide to hydrogen bonding interactions.
37
 Perhaps the most famous molecule with 
regards to hydrogen bonding is water, due to its unique properties resulting from extensive 
hydrogen bonding. Wilson Bentley was first to photograph various snowflake crystals back in 









Hydrogen bonding entails the electrostatic dipole-dipole interaction between a hydrogen 
atom and the lone pair of electrons of a more electronegative atom. Hydrogen bonding is 
difficult to define explicitly and several types of hydrogen bonds are known.
39
 The most 
elementary hydrogen bond of the type D−H…A, is formed by the interaction of an 
electronegative donor atom (D) and a neighbouring proton acceptor with lone-pair electrons 
(A). Hydrogen bonds depend on the electronegativity of the acceptor atom and their strength 
ranges from very weak (1-2 kJ.mol
-1








The energetically favoured orientation of the hydrogen bonding in water is shown in 
Figure 1.7a with the electrostatic potential surface of two hydrogen-bonded water molecules 





Figure 1.7 Hydrogen bonding between water molecules with (a) the energetically stable 




Hydrogen bonds can exist between atoms in the same molecule (intramolecular H-bonding) 
or between different molecules (intermolecular H-bonding). The particular structural 
conformations of molecules and complexes are often a result of hydrogen bonding as seen in 
the case of thermochroism of [NH3(CH2)2NH3][CuCl4], with the coordination geometry of 
[CuCl4]
2-
 changing from distorted square planar to tetrahedral as the temperature increases, 
which is ascribed to the decrease in hydrogen bonding as the temperature increases.
42
 
Hydrogen bonding often dictates molecular conformation and aggregation in chemical 
systems ranging from inorganic
43
















An ion pair is formed when oppositely charged ions are held together by 
Coulombic/electrostatic interaction without the formation of a covalent bond.
48
 The degree 
and type of ion pairing is largely dependent on the magnitude of the charges, size of the ions 
and the polarity of the solvent. Ion pairs can be classified into two groups, contact/intimate 
ion pairs and loose ion-pairs, based on the extent of solvation of the respective ions. Contact 
ion pairs are solvated as one entity; solvent shared ion pair has only one solvent molecule 
separating the ions while solvent separated ion-pairs have more than one solvent molecule 
separating the ions in solution. 
 
The nature of the solvation shell is generally not known with any certainty. Direct 
measurement of solvent-separated ion-pairs is not possible since the spectroscopic properties 
of such ion pairs are indistinguishable from those of the free ions, and indirect spectroscopic 
and conductivity measurements are generally used for their identification/characterization.
49
  
There is much interest in the effect of ion pairing on chemical and physical properties 







outer-sphere coordination is in essence a contact ion pair between a ligand and a complex ion. 
For example, Westra and co-workers found strong interaction between the protonated amine 






The use of ion-pairing is also exploited as in phase-transfer agents like Aliquat 336, a 
quaternary ammonium salt used to extract [Pt(SNCl3)5]
3-
 anions into an organic phase.
54
  
Furthermore, the importance of outer-sphere ion-pairing in catalysts has also gained 
significant interest since it has been shown that the contribution of this interaction to the 
exceptional superiority of enzymes over some synthetic transition metal-based catalyst, in 




1.3.3 Cation-π interactions 
The attractive interaction between a formal cation and an aromatic moiety is known as a 
cation-π interaction. The cation-π interaction is believed to be of electrostatic nature since the 
























Figure 1.8 (a) Schematic drawing of the charge distribution of benzene showing the 
positively charged σ-framework
 
and negatively charged π-electron cloud forming a 






Kebarle and co-workers were the first to study the interaction between the 
potassium cation (K
+
) and benzene experimentally using mass spectrometry 
and found K
+
 to have a slight preference to bind to benzene (ΔG = -19 
kcal.mol
-1
) compared to water (ΔG = -18 kcal.mol
-1
) in the gas phase.
60  
Dougherty and co-workers investigated cation-π interactions using theoretical calculations 
and emphasised the importance of this interaction experimentally in biological processes.
61
 
The cation–π interaction has been widely exploited and utilised due to its occurrence in 
structural biology and fundamental importance in supramolecular chemistry. Moreover, its 
pivotal role in host-guest chemistry and molecular recognition has gained significant 
interest.
62
 Multinuclear NMR has been shown to be an excellent tool in establishing the 
presence of cation-π interactions in solution as marked shielding was observed for various 
NMR active nuclides upon addition of aromatic molecules.
59
 
Generally the π-stacking interactions between aromatic moieties (which will be discussed 
in the next section) are weaker compared to hydrogen bonding while cation-π interactions 
tend to be stronger.
63,64
 The combination of cation-π and aromatic π-stacking enhances the 
strength of both interactions and they are commonly observed together.
59
 An example of this 
can be seen in the host-guest complex of the enzyme acetylcholinesterase and the Alzheimer 
drug Aricept
®
 (Figure 1.9), where both OH-π and π-π-stacking are observed. 
 
(a) (b)  + 
K++   
K++   
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Figure 1.9 Combination of cation-π and aromatic π-stacking interactions observed in 
enzyme-drug complex of Aricept
®
 and acetylcholinesterase from Torpedo californica.65 
1.3.4 Aromatic π-stacking interactions 
The self-association or non-covalent 'dimer' formation of benzene has been central in the 
understanding the aromatic π-stacking interaction between aromatic moieties.
29
 This aromatic 
interaction is believed to be a combination of dispersion, hydrophobic and electrostatic 
forces.
29,66
 The interaction between aromatic moieties plays a major role in determining 
structure and properties of molecular assemblies in biology and general chemistry prevalent 




Hunter and Sanders developed an electrostatic model to describe aromatic 
π-stacking interactions by considering the π- and σ-systems separately as 
shown in the accompanying figure.
67
 Aromatic molecules attract one another 
when the π-system of one arene interacts more strongly with the σ system of 
the other, rather than the destabilizing π-π repulsion. The energy of the interaction between 
two π-system molecules is a combination of electrostatic, dispersion, induction and repulsion: 
 ETotal = EElectrostatic + EDispersion + EInduction + ERepulsion  
The electrostatic, induction and dispersion terms are normally attractive while the repulsion 
term destabilizes the interaction and becomes significant when the distance between the 
molecules is reduced beyond a certain point. This model of aromatic π-interactions between 
uncharged aromatic and/or quasi-aromatic molecules can take several conformations, as 
shown in Figure 1.10 for benzene as an example.
67
 
Acc ett yy lllcc holll iiiness tt err ass e  
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The three common conformations of two interacting benzene molecules include face-to-face, 






















Figure 1.10  The common types of aromatic π-stacking interactions which includes (a) 
edge-to-face, (b) offset and (c) face-to-face interactions.
67,68
  
The potential of aromatic moieties like benzene to π-stack is a result of electrostatic attraction 
between opposite charges, evident from its electric quadrupole moment as shown for the 
cation-π interaction (Figure 1.8), visually expressed by the electrostatic potential surfaces as 




The aromatic π-stacking interaction manifests itself when the attraction between the π-
electron cloud and the positive σ-framework outweighs the unfavourable π-π electron 
repulsion. The offset aromatic π-stacking (Figure 1.10b) and edge-to-face stacking geometries 
(Figure 1.10a) are energetically more favourable in general, while the face-to-face geometry 


















contribute to the total stability of the aggregate. Therefore, the interpretation of aromatic π-
stacking interactions in polar environments, as observed for protein folding
27
 and drug 
intercalation into DNA,
69
 should include the hydrophobic effect since aromatic 
molecules/moieties are hydrophobic by nature. 
 
1.3.5 Hydrophobic interactions 
Hydrophobic interactions involve the interaction of non-polar (hydrophobic) molecules, 
typically when they are mixed with water or polar solvents.
70
 The two major contributions to 
the stabilization of this interaction are the increase in entropy as ordered water molecules are 




London dispersion forces are a result of polarization of the electron clouds of at least two 
non-polar groups which allows for attractive electrostatic interaction. The different physical 
properties of the structural isomers of pentane roughly illustrate the degree of this attractive 
interaction.
71
   
 
 
Scheme 1.2 Structural isomers of pentane with markedly different boiling points.
71
  
It is clear from Scheme 1.2 that n-pentane has a larger interaction surface with a neighbouring 
pentane compared to the other two isomers which results in larger total area of dispersion 
interaction between n-pentane molecules, which reasonably accounts for the higher boiling 
point of this isomer.  
These weak hydrophobic interactions are very important; they are responsible for the 
formation of membranes, vesicles and micelles in aqueous solutions.
70
 
n-Pentane: 36.0 ºC Neopentane: 9.5 ºC Isopentane: 27.7 ºC 
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Figure 1.11  Illustration of hydrophobic interactions in the formation of micelles. The 
process involves (a) the solvation of lipid molecules in water which forms (b) aggregates 





Lipid molecules consist of a hydrophilic/polar 'head' and a non-polar hydrocarbon 'tail'. When 
these lipid molecules are solvated by water molecules in aqueous solutions, water does not 
readily interact with the tail, but rather forms a network of highly ordered hydrogen bonding 
(H-O-H
…
H-O-H) surrounding the tail (Figure 1.11a).
55
  
The aggregation/interaction of lipid tails results in the 'release' of ordered water molecules 
(Figure 1.11b), which is energetically favoured from an entropy point of view. This 
aggregation of lipid molecules can result in highly sophisticated supramolecular structures 
such as micelles (Figure 1.11c), membranes and vesicles.  Furthermore, hydrophobic 
interactions/bonding can be observed in the recognition of substrates (e.g. steroid hormones) 
and receptors (e.g. enzymes) as shown (Figure 1.11d).70 Many drugs are designed to take 
advantage of this type of hydrophobic effect. 
Other well known examples of hydrophobic interactions are the workings of surfactants. 
Lipids and surfactants are all ambiphilic molecules, widely used in detergents, wetting agents, 
emulsifiers, foaming agents and dispersants.
72










1.4 Objectives of this study 





-S,O)]X, where diimine is 1,10-phenanthroline (phen) or 2,2’-
bipyridyl (bipy), L
n





display significant antimalarial activity.
6





-S,O)]+ is postulated to arise by inhibition of haemozoin formation (blocking 





-S,O)]+ forming moderately strong outer-sphere aggregates with 
ferriprotoporphyrin IX (haematin). This hetero-association was demonstrated in 40% aqueous 
dimethyl sulfoxide (DMSO) solution, and is thought to be through a combination of cation-π 
and aromatic π-stacking interactions.
6





-S,O)]+ complexes have a tendency to self-associate in solution as well as to 










-S,O)]X is still 





-S,O)]+ and haematin. A detailed investigation of the 




In this context, the current study involves: 
 the synthesis of a series of novel square planar [PtII(phen)(Ln-S,O)]+ complexes. 
The main structural variation is the N,N-dialkyl-N’-acylthiourea while 1,10-
phenanthroline will be substituted for 2,2,-bipyridine and platinum(II) for 
palladium(II) (Scheme 1.3). 
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A thorough investigation of the synthesis of this class of complexes will be 
conducted. The effect of the acylthiourea ligand on the characteristics of the complex 
will be investigated, since these ligands have been shown to have significantly 
different solution behaviour with small changes in the molecular structure
76
 and have 
several coordination modes
77
 which will also be investigated. The monodentate 





-S)2 complexes will be investigated in detail which could potentially be a 
new class of biological active compounds. 
 the investigation of the behaviour of these complexes in aqueous solutions (self-
association) since self-association (from a series of non-covalent interactions) will 




-S,O)]+ with haematin which 
is expected to effect the potential for antimalarial activity. These complexes showed 
interesting aggregation behaviour in water, which will be studied in detail using 
1
H 
NMR, Diffusion Ordered spectroscopy (DOSY) and Transmission Electron 
Microscopy. 
 the investigation of the outer-sphere complex formation of [PtII(phen)(L1-S,O)]+ and 
pyrene as a model for the postulated coplanar stacking with haematin, using NMR 
spectroscopy. Pyrene was used as a model since haematin is paramagnetic and could 
not be used in the NMR study. These results will be compared to the previously 




-S,O)]+ with fluoranthene in acetonitrile.  
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 the investigation of  potential haemozoin inhibition of the series of [PtII(phen)(Ln-
S,O)]+ complexes, since complexes of this class have been shown to display 
significant in vitro antimalarial activity.6 Haemozoin inhibition specifically will be 
considered as a potential antimalarial mechanism in this work and not DNA 
intercalation, since this class of complexes is already known to be significant DNA 
intercalators.
4
 Therefore, the series of complexes will be tested for β-haematin 
(synthetic haemozoin) inhibition using a surfactant-mediated β-haematin assay, to 
shed light on the postulated in vitro mechanism of antimalarial activity of this class of 
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This chapter describes the synthetic procedures, detailed characterization and interesting 
features of the 
1




-S,O)]Cl complexes and 
Pt
II
Cl2(diimine) precursors, with M = platinum(II) or palladium(II), diimine = 1,10-
phenanthroline (phen) or 2,2-bipyridyl (bipy) and L
n
-S,O represents various N,N-di(alkyl)-N'-




-S,O)]Cl complexes and their 





-S,O)]Cl, where L1 = N-pyrrolidyl-N'-pivaloylthiourea. Thereafter, 




-S,O)]+ complexes and precursors will be described and the 
crystal structure of a new form (polymorph) of Pt
II
(bipy)Cl2 as an acetonitrile solvate, will be 











(OAc)2(phen) will be presented followed by the synthesis 
and characterisation of [Pt
II
Cl(DMSO)(en)]Cl, a cation platinum(II) complex without a ligand 
containing a π-surface. A number of interesting features of the 
1





-S,O)]+ complexes will be presented and discussed. The last section of this 
chapter is the experimental section and contains the detailed synthetic procedures and 
characterization data. All these complexes will be tested for β-haematin inhibition, with the 
results shown in Chapter 5. 
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-S,O)]X, where diimine is 1,10-phenanthroline or 2,2’-bipyridyl, Ln various 
N,N-di(alkyl)-N’-acylthiourea and X = PF6- or Cl- is well documented.12-345 The potential anti-
malarial activity of these mixed ligand complexes is thought to result from the combination 
of a electron-rich aromatic surface and cationic metal centre in one plane as a result of the 
coordination of the aromatic diimine moiety resulting in a preferred square-planar geometry 
of the platinum(II) complex.
1,4
 The diimine ligands are therefore thought to be the 
‘functional’ ligand and the various N,N-di(alkyl)-N’-acylthiourea the ancillary ligand. 
Although it has recently been shown that some bis-N,N-di(alkyl)-N’-acylthiourea platinum 
complexes exhibit significant anti-bacterial activity,
6
 such uncharged bis-N,N-di(alkyl)-N’-
acylthiourea platinum complexes are not expected to have any anti-malarial activity, which 









complexes arises from the non-covalent association of the square planar complex with 
haematin (iron porphyrin complex), a toxin present in the parasite from the digestion of 
haemoglobin.
2
 Since it is known that the malaria parasite decreases the toxic levels of 
haematin by converting the haematin to insoluble haemozoin,
7
 any association of potential 
drug molecules to haematin to prevent this detoxification step is thought to ultimately lead to 





self-aggregate and associate to aromatic model compounds, which supports the potential 









-S,O)]+ and haematin is believed to be a combination of 










exhibit significantly stronger binding affinities to the synthetic polynucleotide, polydA-
PolydT, and also has larger self-association constants in 50% (v/v) water:acetonitrile 
solutions.
8
 The Gibbs energy (∆G) of the self-association of these complexes in acetonitrile 
increases with increments of 2.4 ± 0.4 kJ.mol
-1
 per aromatic ring of the diimine moiety 









In this work, focus was placed mainly on 1,10-phentroline as the diimine moiety and the 
nature of N'-acyl-N,N-dialkylthiourea ligand was varied. A series of PtII(1,10-
phenanthroline)(L
n
-S,O)]Cl complexes with the addition of two PtII(2,2-bipyridine)(Ln-
S,O)]Cl variations were synthesised as well as PdII(phen)(L1-S,O)]+ for comparison. The 
general reaction scheme for the synthesis of the series of platinum(II) complexes and 
precursors is shown in Scheme 2.1. 
 





S,O)]Cl complexes, where Ln represents various acyl-dialkylthioureas.  
The first step in the synthesis involves the addition of the appropriate diimine as a solid to an 
acidic aqueous solution of K2[Pt
II
Cl4] to yield an insoluble Pt
II
(diimine)Cl2 complex. The 
second step involves the reaction of the purified Pt
II
(diimine)Cl2 from suspension with the 
appropriate N,N-di(alkyl)-N’-acylthiourea, previously prepared, to yield the desired mixed 








2.2 Synthesis of mixed ligand [PtII(diimine)(N,N-di(alkyl)-N’-acylthiourea)]Cl 
complexes and precursors 
2.2.1 Nomenclature for the ligands and complexes used in this study 
In this study, the literature accepted common names or similar naming strategies for the 
ligands and complexes were used. For example, the ligand N-(diethylamino)-thioxomethyl-





 complex are 
shown in Scheme 2.2 together with their correct systematic names.  
 
 









Scheme 2.2 Alternative naming of the ligands and complexes used in this study. 
 
The alternative naming of the acylthiourea ligands comprise of an acyl-part (benzoyl in this 
case), N-bound dialkyl- (N,N-di(ethyl-) and a thiourea-part as highlighted in Scheme 2.2. The 
abbreviation of this ligand is HL
4
 in this study with HL indicating the protonated ligand and 4 
an arbitrary number. Upon chelation/coordination of the deprotonated ligand via the sulphur 
and oxygen donor atoms, the notation becomes L
4
-S,O as shown for the PtII(phen)(L4-S,O)]+ 
complex (Scheme 2.2). 
2.2.2 Synthesis of the N,N-di(alkyl)-N’-acylthiourea ligands  
The synthesis of N,N-di(alkyl)-N’-acylthioureas was almost 90 years ago described by 
Douglas and Dains.
9




















chloride in which thiocyanate acts as a nucleophile, attacking the acyl chloride to release a 
chloride ion which precipitates with the K
+
 in anhydrous acetone. Thiocyanate undergoes 
thermal isomerisation to form the isothiocyanate anion which is thought to be the ‘active’ 




Scheme 2.3 Thermal isomerisation of thiocyanate and isothiocyanate
10
 
The reaction of the thiocyanate isomer with acyl chloride yields an unstable product which 






Scheme 2.4 Proposed reaction mechanism for the synthesis of N,N-di(alkyl)-N’-acylthiourea 
ligands. The dashed rectangle shows the desired product of the first step of the reaction. This 
product reacts with an amine to form the donor-aceptor intermediate indicated by (1). 
The acylisothiocyanate intermediate can react with an amine which acts as an nucleophile 
and mainly attacks the thiocarbonyl carbon of acylisothiocyanate in polar solvents to yield 
the elusive donor-acceptor intermediate (1) (Scheme 2.4).
11
 It has been suggested by Elmore 
and co-workers that the proton transfer takes place after the unstable donor-acceptor complex 
has been formed to yield the desired N,N-di(alkyl)-N’-acylthiourea ligand.11  
The ligand N-pyrrolidyl-N’-pivaloylthiourea (HL1) was synthesised by the reaction of 
isothiocyanate with pivaloyl chloride to yield the crude pivaloylisothiocyanate intermediate 
to which pyrrolidine was added to yield a crude HL
1
 which was obtained by re-crystallization 




C NMR spectra of HL
1










Figure 2.1 (a) 
1
H NMR spectrum and assignments and (b) 
13
C NMR spectrum and 
assignments of N-pyrrolidyl-N’-pivaloylthiourea (HL1) in CDCl3. 
The N-H proton could be easily assigned to the broad singlet observed at 7.88 ppm which is 
in the typical downfield chemical shift range of N-H protons of this type. The singlet at 1.23 
ppm was assigned to H
1’
 as it integrates for 9 H’s. Interestingly, all the -CH2- groups are 
magnetically inequivalent and 4 sets of signals are observed for the pyrrolidyl part of the 
molecule. This suggests significant restricted rotation around the bond between the 
thiocarbonyl carbon and the pyrrolidyl nitrogen as illustrated by Scheme 2.5. 
 
Scheme 2.5 Restricted rotation in N,N-di(alkyl)-N’-acylthiourea ligands. 
Therefore the 4 sets of resonance signals integrate for two protons each with the two more 




























2 1 3 
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Table 2.1 lists the N,N-di(alkyl)-N’-acylthioureas used in this study, together with their 
alternative names and numbering schemes. 
 
Table 2.1 Ligands numbering, alternative names and abbreviations used in this study  





































































2.2.3 Synthesis of PtIICl2(1,10-phenanthroline)  
The Pt
II
Cl2(phen) precursor was synthesised according to the method described by Morgan 
and Burstall
13
 in which 1 equivalent of 1,10-phenanthroline was added to K2[Pt
II
Cl4] in acidic 
(HCl) aqueous solution and heated to reflux for two hours, during which time the pure 
product precipitated (Scheme 2.4).  
 




 and 1,10-phenanthroline in acidified water to yield 
the yellow Pt
II
Cl2(phen) as a precipitate. 
The reaction time was extended to an overnight reaction (~14 hours) to ensure complete 
conversion with yields almost quantitative (90-98%). The role of the acid (HCl) in the 
synthesis of Pt
II
Cl2(phen) was investigated since it seemed unnecessary, apart from 




. In acidic solution the protonation of phen is expected 
to compete with the coordination reaction and consequently NaCl was used instead of HCl to 




 with no compromise to the reaction yield. In the 
absence of any additional Cl
-





reaction also yielded the desired product with the typical yield (>90%). However, the 
presence of HCl significantly increases the solubility of the 1,10-phenanthroline ligand in 
water which shortens the reaction time slightly. The Pt
II
Cl2(phen) product was characterized 
using 
1




H NMR spectra of Pt
II
Cl2(phen) and 1,10-phenanthroline monohydrate in dimethyl 
sulfoxide-d6 reveals a retention of the symmetry of the 
1
H signals of the ligand upon 
coordination while a large downfield shift of all the 
1
H resonances is observed. This 
downfield shift is indicative of the change in the electronic structure of the ligand as a result 
of the nitrogens donating their unpaired electrons into the empty d-orbitals of the platinum 
metal centre. 
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Figure 2.2 The changes in the 
1
H NMR resonances of the 1-10-phenanthroline moiety (a) in 
dimethyl sulfoxide-d6 upon coordination to form the Pt
II
Cl2(phen) precursor (b) 
 3J(195Pt-1H) 
= 38 Hz.  
Considering the 
1
H NMR spectrum of Pt
II
Cl2(phen) in dimethyl sulfoxide-d6 (Figure 2.2b), 
the singlet resonance at 8.29 ppm could be assigned to H
5+6
 since no 
3J(1H-1H) coupling was 
observed. The doublet of doublets at 8.17 ppm which is made up of two relatively large 
coupling constants (
3J = 8.2 Hz and 5.5 Hz) could be assigned to H3+8. The resonance at 9.70 
ppm is also a doublet of doublets with small unresolved platinum satellites, 
3J(195Pt-1H) = 
38Hz, as highlighted in the inset in Figure 2.2b and could be assigned to H
2+9
, which is 3 




2.2.4 Synthesis of [PtII(1,10-phenanthroline)(N,N-di(alkyl)-N’-acylthiourea)]Cl 
complexes 
A series of [Pt
II
(phen)(N,N-di(alkyl)-N’-acylthiourea)]Cl complexes and precursors have 
been synthesized and characterized with the abbreviations and numbering of the ligands and 
respective complexes used in this study summarised in Table 2.2. The metal precursor, 
Pt
II
Cl2(phen), is used since the 1,10-phenanthroline coordinates strongly to the Pt(II) metal 
centre and remains coordinated to prevent more than one N,N-di(alkyl)-N’-acylthiourea (HLn) 






















-S,O)]Cl involves the reaction of PtIICl2(phen) from 





-S,O)]Cl complex (typical yields >70%). The proposed reaction 
pathway is shown in Scheme 2.7.  
 
 
Scheme 2.7 Proposed reaction details for the synthesis of [Pt
II
(phen)(N,N-di(alkyl)-N’-
acylthiourea)]Cl complexes from Pt
II
Cl2(phen) and the appropriate N,N-di(alkyl)-N’-
acylthiourea in acetonitrile with NaOAc as base. 
It has been suggested that the sulphur atom of the acylthiourea replaces one of the chlorides 
of the Pt
II
Cl2(phen) (see intermediate (2) in Scheme 2.7) since sulphur is known to be more 
nucleophilic and has a strong affinity for platinum(II), which is considered a ‘soft’ metal 
according to Pearson’s HSAB theory.
14
 The chelate is formed by the coordination of a lone 




) using sodium 
acetate (NaOAc). The displaced Cl
-
 forms insoluble NaCl, which precipitates as a fine white 
powder from the reaction mixture. After the completion of reaction, NaCl(s), traces of 
unreacted Pt
II





complex can be precipitated from solution by the addition of cold diethyl ether. Excess ligand 
and conjugate acid (AcOH) formed during the reaction were removed by extensive washing 










Variation of the solvent in which this preparation is carried out, from acetonitrile, methanol 
and dichloromethane as well as substituting the base (NaOAc) with triethylamine results in 
no significant changes in the yields.  
 
In this study the purification of this class of complexes proved to be difficult for the 
complexes with Cl
-
 as counter-ion, as compared to the PF6
-
 salt as reported previously.
8
 





-S,O)]+ has such a strong affinity for the silica that neither methanol nor 
acidic water were able to elute the product. However, it was found that neutral to basic 
chromatographic aluminium oxide (Al2O3) works well with small amounts of methanol in the 
mixed eluents (methanol/dichloromethane or methanol/acetonitrile) to elute the desired 
complex from the column.  
 
In some cases the acetonitrile of the reaction mixture is polar enough to elute the product 
with the starting materials and by-products, in which case the acetonitrile was evaporated by 
heating under reduced pressure, and redissolving the reaction mixture in less polar 
dichloromethane. The precipitate consisting of mainly NaOAc and NaCl was filtered off and 




















-S,O)]Cl complex was isolated by removing the solvent with heating under 
reduced pressure and dried in a vacuum desiccator. Characterization of the complexes was 
done using various one- and two-dimensional NMR techniques (see Section 2.3) as well as 





synthesised are listed in Table 2.2 with all corresponding names and abbreviations used.  
 
However, for a few of the HL
n





 (40-50%) and the reactions in methanol which was attributed to the formation of 





-S)2); these reactions will be discussed in Chapter 3. 
Stellenbosch University http://scholar.sun.ac.za




Table 2.2 Complexes numbering and abbreviated names used in this work. 













































































































































2.3 Detailed characterization of [PtII(phen)(L1-S,O)]Cl by 1H, COSY, HMBC, 
and NOESY NMR 
The 
1




-S,O)]Cl (Figure 2.3) is relatively uncomplicated 




-S,O)]Cl complexes since the 1,10-
phenanthroline (phen)  and N-pirrolidyl-N'-pivaloylthiourea (L1) 1H peak appear in different 
regions of the 
1
H NMR spectrum. (see Appendix Figure A.1 to A.13).  
The 
1
H NMR spectrum of Pt
II
Cl2(phen) (Figure 2.3a) was used as a starting point in 
assigning the aromatic protons in the 
1







H NMR spectrum of Pt
II
Cl2(phen) consist of only 4 sets of signals which accounts 




-S,O)]Cl complex the 
symmetry of the 1,10-phenanthroline ligand is lifted and one expects to see at least 8 sets of 
1
H peaks in the aromatic region.  
 
 
Figure 2.3 The 
1
H NMR spectra of (a) the precursor Pt
II
Cl2(phen), (b) the aromatic region 




















Using the features of the 
1
H NMR spectrum of Pt
II
Cl2(phen), two possible assignments for 




-S,O)]Cl complex could be 
considered (Figure 2.3b). The most downfield singlet at 1.33 ppm integrates for 9 H’s and 
could be unambiguously assigned as the pivaloyl protons, H
1’
. The multiplicities of the other 
aliphatic 
1









. The J(1H-1H) 
coupling constants of these multiplets could not be used to further distinguish between the 
similar H's since these coupling constants are more or less of the same magnitude. Therefore, 
two-dimensional NMR techniques which give coupling information were required of which 
COSY (Homonuclear Correlation Spectroscopy) is commonly used for this purpose. This 
technique gives a two-dimensional plot with the 
1
H NMR spectra on each dimension; cross-
peaks off the diagonal (indicated by line in Figure 2.4) indicate relatively strong (e.g. 
3
J > 5.0 












-S,O)]Cl in acetonitrile-d3 where (a) is the 







H3/8  H3/8  H2/9 
H4/7 H5/6 
Stellenbosch University http://scholar.sun.ac.za














-S,O)]Cl in acetonitrile-d3 where (a) is the 
COSY spectrum of the aromatic region and (b) the aliphatic region of the spectrum.
 
 
The COSY experiment was optimised for the typical 
3J proton couplings, with the result that 
all expected coupling correlations are observed.  However, the unambiguous assignment of 
the 
1
H NMR spectrum is not possible without an initial assignment. Previously the initial 
assignment was made based on the 
15




 and its correlation (scalar 
coupling) with the nearby H's in the phen moiety.
5




N indirect detected HMBC (Heteronuclear Multiple Bond Correlation) NMR experiment 
which gives the chemical shift of the 
15
N as well as the coupling correlation to the protons 
which could be optimised for 
2J coupling between N1-H2 and N10-H9 respectively. The 
indirect detected HMBC method is preferred for obtaining 
15
N chemical shifts due to the 
indirect detection of 
15
N via the sensitive 1H nuclide which makes it more sensitive than 
conventional 
15









acetonitrile-d3 (Figure 2.5)  shows positive correlation peaks for 3 nitrogens.  
  
(b) Hb/b’ Hb/b’ H
a/a’ 
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-O,S)]Cl showing the 1H and 15N 
correlations in acetonitrile-d6. Nitrogen chemical shifts are reported relative to nitromethane. 
The 
15
N and corresponding 
1





experiment are summarised in Table 2.3. 





























δ / ppm -145.80* 9.01 8.15 -185.27* 8.66 7.84 -218.15* 2.16, 2.05 
*Chemical shifts relative to nitromethane. 
The initial assignments of the nitrogen atoms to the various observed 
15
N signals in Table 2.3 
were on the basis that the nitrogen trans to the sulphur atom is the most deshielded and 
consequently labelled N
1
 which needs to be confirmed by NOESY spectroscopy (Nuclear 
Overhauser Enhancement Spectroscopy). The sulphur is a soft donor atom according to 
Pearson’s HSAB principle compared to oxygen which is a typical hard donor atom due to its 
relatively high electronegativity.
14
 It may be expected that the sulphur atom would form a 
















Therefore, the nitrogen trans to the sulphur is expected to be more deshielded. The relatively 








 (0.35 ppm) reflects 
the significantly different electronic environments of the atoms trans to the Pt-S and Pt-O 
bonds. However, the unambiguous assignment of the 
1





requires NOE (Nuclear Overhauser Effect) data which will yield the through space 
correlation between nuclei in close proximity, i.e. due to cross-relaxation between the 
nuclei.
15
 Several attempts using 2D NOESY experiments failed possibly due to low complex 
concentrations and a relatively large distance between the nuclei of interest (small NOE). 
Furthermore, 2D NOESY is better for large slowly tumbling molecules such as proteins and 
peptides. 
 
However, the one-dimensional gradient NOESY pulse is sufficient for small molecules (<700 
daltons) with relatively long distant (4-6Å) NOE's and was consequently used to 
unambiguously assign the 
1




-S,O)]Cl. Positive NOE was 
observed between the protons of the 1,10-phenanthroline and N-pyrrolidyl-N’-




H NMR signal NOE enhancements in a 1D gNOESY (gradient NOESY) 
experiment upon the irradiation of (a) the H
1’
 and (b) H
2


























The 1D NOESY data shows two NOE enhancements observed upon selective irradiation of 
the pivaloyl protons (H
1’
) which allows for the assignment of the most downfield proton to 
H
2
 since it is closest to H
1’
. Furthermore, the peak at 3.78 ppm is a result of a positive NOE 
effect upon radiation of H
1’
 and could be labelled H
a’
. 
The 1D NOESY data in conjunction with the COSY results presented earlier allows for the 
first unambiguous 
1




-S,O)]X complexes and validates 









Figure 2.7 Full 
1



















2.4 Synthesis of mixed ligand [PtII(2,2’-bipyridyl)(N,N-di(alkyl)-N’-
acylthiourea)]Cl  complexes and their precursors 
2.4.1 Synthesis of PtII(2,2’-bipyridyl)Cl2 
The Pt
II
(bipy)Cl2 precursor was synthesised by a similar method as for Pt
II
Cl2(phen), 
described by Morgan and Burstall,
13
 in which 1 mole equivalent of 2,2’-bipyridine (bipy) was 
added to 1 mole K2[Pt
II
Cl4] in HCl solution and heated to reflux for two hours whereby 
Pt
II
(bipyl)Cl2 precipitated. As was shown for the reaction of 1,10-phenanthroline (phen) and  
K2[Pt
II
Cl4] in water, the addition of HCl increases the solubility of the diimine ligand. 
However, the reactions of 2,2’-bipyridine and  K2[Pt
II
Cl4] in the absence of HCl resulted in a 
highly insoluble orange-yellow precipitate, possibly a series of cluster complexes and/or 
coordination polymers with 2,2’-bipyridine and chlorides as bridging ligands.
13
 It is known 
that uncoordinated bipy adopts the ‘trans’ conformation where the nitrogen donor atoms are 
anti relative to the linking C-C bond. In slightly acidic aqueous solutions however, bipy 







Scheme 2.8 The change from the trans- to the cis-conformation of 2,2’-bipyridine in acidic 





The acidic medium was not needed for 1,10-phenathtroline since it does not have the 






(bipy)Cl2 product was characterized using 
1
H NMR in dimethyl sulfoxide-d6 (Figure 





(bipy)Cl2 (Figure 2.8a) and bipy (Figure 2.8b) in dimethyl sulfoxide-d6 show 
the large shift of all 
1
H resonances which confirms the coordination to the Pt
II
. Further proof 
for the coordination is the unresolved broad platinum satellites, 
3J(195Pt-1H) = 24 Hz, visible 
at the base of the proton signal at 9.50 ppm, which could be assigned to H
2+9
 since these 
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protons are three bonds from the platinum centre and would exhibit scalar coupling to the 
195
Pt. The doublet (d) observed at 8.58 ppm is assigned to H
5+6 
due to its multiplicity while 









H NMR spectrum and assignment of (a) bipy and (b) Pt
II
(bipy)Cl2 in dimethyl 
sulfoxide-d6 at 25ºC 
 
Single crystals suitable for SCXRD were obtained after overnight heating (14 hours) of 
Pt
II
(bipy)Cl2 in acetonitrile, after which the solution was allowed to cool to room 
temperature, and left in a fume hood to allow the acetonitrile to evaporate. Small yellow 
crystals were obtained of which SCXRD data were collected. The molecular structure is 
shown in Figure 2.9. The crystal and structure refinement data is shown in Section 2.8.2 and 
the CIF file is given on the electronic Appendix C, accompanying this thesis.    
 
 
Figure 2.9 The molecular structure of Pt
II














Two polymorphs of Pt
II
(bipy)Cl2 are known which differ in colour as a result of the 
difference in crystal packing of the two polymorphs.
17,18
 The yellow polymorph is known to 
be significantly less stable compared to the red polymorph of Pt
II
(bipy)Cl2. Interestingly, our 
crystal structure shown in Figure 2.9 is novel with two molecules of acetonitrile included in 
the structure with two molecules of Pt
II
(bipy)Cl2; this is the first known crystal structure of 
Pt
II
(bipy)Cl2 containing a solvate molecule in the crystal lattice. Furthermore, the stacking 
motifs of the crystals containing the acetonitrile solvate and the two polymorphs of 
Pt
II
(bipy)Cl2 are shown in Figure 2.10. 
 







Figure 2.10  The three forms of Pt
II
(bipy)Cl2 in the solid state with (a) yellow crystals with 
an acetonitrile solvate, (b) the yellow polymorph
17




Interestingly, the molecular packing in the yellow crystals isolated in this work shows a close 
resemblance to that of the red polymorph. This is interesting since this difference in colour of 
the two well known isomers was extensively studied previously and the red colour is believed 
to arise from the overlap of the dz2 orbitals and the empty pz of the platinum metal centres in 
the close packing arrangement which is thought to lead to a bathochromic shift.
19,20
 Attempts 
were made to convert the yellow polymorph (Figure 2.10b) to the red polymorph by 
pressurising the crystals with the yellow crystals turning red at high pressure.
20
 However, 
after pressure is applied, the crystals were no longer single and further crystal data could not 
be collected.  
 






































(bipy)Cl2 viewed along the c-axis (top) and 




(bipy)Cl2 along the c-axis (top) and b-axis 
(bottom). 
The yellow polymorph of Pt
II
(bipy)Cl2 (Figure 2.11a) shows the individual molecules to 
exhibit aromatic-π stacking interactions of the 2-2-bipyridine ligand of complexes above and 
below each other to form an 'infinite' π-stack along the c-axis of the unit cell. The red 
polymorph similarly exhibits an 'infinite' stacking motif, however with the non-covalent 
interaction being Cl
…
π type rather than aromatic-π type. This packing arrangement allows for 
overlap of the dz2 orbitals of the Pt centres leading to a bathochromic shift observed when 




The crystal packing arrangement of the Pt
II
(bipy)Cl2·CH3CN isolated complex in this work is 









molecules stack in a similar fashion to the red polymorph of Pt
II
(bipy)Cl2 with CH3CN 





















Figure 2.12  Crystal packing of the yellow Pt
II
(bipy)Cl2·CH3CN form in the crystal lattice. 
 
From this structure significant overlap of the dz2 orbitals of the Pt metal centres might be 
expected for Pt
II
(bipy)Cl2·CH3CN. The three crystal structures will be compared and 
discussed using the Pt
…
Pt distances and angles defined by Figure 2.13. The difference 
between selected bond lengths and angles of the three forms of Pt
II
(bipy)Cl2 in discussion are 




View along the b-axis 
View along the a-axis 



















Figure 2.13  Atom labels and centroids (Ct) used to compare the crystal structures of 
Pt
II
(bipy)Cl2 as listed in Table 2.4. 
 















Bonds: Å Å Å 
Pt(1)-Cl(1) 2.2999 2.3017(4) 2.3017(4) 
Pt(1)-Cl(2) 2.3073 2.3017(4) 2.2762(4) 
Pt(2)-Cl(3) 2.3048 2.3017(4) 2.3017(4) 
Pt(2)-Cl(4) 2.2992 2.3017(4) 2.2762(4) 
Pt(1)-N(1) 2.0074 2.0091(4) 2.0247(4) 
Pt(1)-N(2) 2.0097 2.0091(4) 2.0565(4) 
Pt(2)-N(3) 2.0286 2.0091(4) 2.0247(4) 
Pt(2)-N(4) 2.0206 2.0091(4) 2.0565(4) 
Pt(1)-Pt(2) 3.4439(1) 3.449(1) 4.524(1) 
Angles:    
Ct(1)-Pt(1)-Pt(2) 77.28º 80.51º 71.31º 
Ct(2)-Pt(2)-Pt(1) 78.88º 80.51º 50.40º 
*
N(1)-Pt(1)-Cl(2) 2.15º 2.40º 3.56º 
*
N(2)-Pt(1)-Cl(1) 2.21º 2.09º 1.45º 
*
N(3)-Pt(2)-Cl(4) 2.53º 2.40º 3.56º 
*
N(4)-Pt(2)-Cl(3) 2.50º 2.09º 1.45º 
Torsion Angles:    
Ct(1)-Pt(1)-Pt(2)-Ct(2) 179.70º 180.00º 108.22º 
 
*


















The bond lengths and angles of Pt
II
(bipy)Cl2·CH3CN show close resemblance to the red 
Pt
II
(bipy)Cl2 polymorph as shown in Table 2.4. The only significant difference between these 
two structures is the Pt(2)-N(3) and Pt(2)-N(4) bond lengths. Interestingly, the Pt(1)-Pt(2) 
distance is almost identical within the error for Pt
II
(bipy)Cl2·CH3CN compared to the red-
Pt
II
(bipy)Cl2 (3.444 and 3.449 Å respectively). These Pt
…
Pt distances are significantly shorter 
than of the yellow polymorph 4.524 Å and no dz2 orbital is possible for the yellow 
polymorph. Furthermore, it is expected that Pt
II
(bipy)Cl2·CH3CN should show a similar 
bathochromic shift upon crystallization as the red polymorph which is not observed. 
Therefore, it is reasonable to postulate that the bathochromic shift is only observed for 
Pt
II
(bipy)Cl2 when the overlap of the dz2 orbitals of the Pt metal centre is from both 'sides' 
and the metal centre is 'sandwiched' between two other Pt
II
(bipy)Cl2 molecules to form an 
infinite stack of complexes with all the Pt dz2 orbital overlapping to from both sides. In our 
Pt
II
(bipy)Cl2·CH3CN crystal structure, dz2 orbitals overlap only occur at one 'side' of the metal 
centre and the effect is apparently not sufficient to cause a visible change in colour. 
Hot stage microscopy was done on a crystal of Pt
II
(bipy)Cl2·CH3CN in order to release 
CH3CN from the crystal lattice with an expected colour change as the crystals are heated. 
However, up to 260 ºC no acetonitrile loss was observed prior to decomposition of the 
crystals > 260 ºC.  
2.4.2 Synthesis of mixed ligand [PtII(2,2’-bipyridyl)(N,N-di(alkyl)-N’-acylthiourea)]Cl 
complexes  




-S,O)]Cl was accomplished using a similar method as 




-S,O)]Cl. Although the reaction was allowed to 










-S,O)]Cl) was difficult as observed for the 
corresponding 1,10-phenanthroline complexes, and the pure product could be obtained by the 
addition of water to a solution of the crude product in acetonitrile and diethyl ether which 
resulted in the formation of  a third phase which contained the pure complex. Upon addition 
of water, an ether layer separates from the aqueous phase while the product extracted into a 
new third phase which formed at the bottom of the flask below the water phase. The third 
phase was collected and 
1





S,O)]Cl and acetonitrile. Hence, for repeated reactions the diethyl ether was omitted and it 
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was found that the third phase still formed, containing essentially a concentrated pure 
product. The 
1




-S,O)]Cl shows (Figure 2.14) the purity of 
this crude product obtained, together with the 
1
H NMR assignments of the various proton 
resonances labelled on the spectrum.  
 
Figure 2.14  
1




-S,O)]Cl in chloroform-d1 at 25ºC. 
The peaks assigned here are consistent with similar complexes previously made by Lawrence 
et al. for [PtII(bipy)(N,N-dibutyl-N’-naphthoylthiourea)]PF6 in chloroform-d1.1 The 1H NMR 
spectrum and assignments of the [Pt
II
(bipy)(N-pyrrolidyl-N’-pivaloylthiourea)]Cl variation 
are shown in Error! Reference source not found. in the Experimental Section Error! 
Reference source not found..  
 
Attempts were made to synthesise [Pt
II
(bipy)(N,N-dibutyl-N’-naphthoylthiourea)]+ in higher 




, as found by Lawrence et al.1 The reaction 
mixture was cooled to -18ºC in an attempt to crystallize the pure [Pt
II
(bipy)(N,N-dibutyl-N’-
naphthoylthiourea)]PF6 complex. Interestingly, bright yellow crystals formed after 5 days at -
18ºC. The SCXRD however, revealed this to be the cis-(N,N-di(n-butyl)-N’-
























        




-S,O)2 collected at 100K with (a) the molecular 
structure and (b) the asymmetric unit. 
 
This complex is the cis-isomer, which is the most common form in which these N,N-
di(alkyl)-N’-acylthiourea ligands coordinate.21 The cis-[PtII(Ln-S,O)2] complexes are 
predominantly formed while the trans-[PtII(Ln-S,O)2] complexes are rare. Only very few 
authenticated trans-[PtII(Ln-S,O)2] complexes have been characterised.22 Koch and co-
workers managed to crystallize trans-[PtII(N,N-dibutyl-N’-naphthoylthiourea)2] several years 
ago and were the first to report a trans-complex of acylthioureas.22 They later discovered that 
the cis↔trans interconversion is a photo-chemical process with the more common cis-isomer 
abundant at ambient conditions.
21
 Furthermore, Koch and co-workers studied this cis↔trans 
isomerisation of various complexes of N,N-di(alkyl)-N'-acylthioureas with Pt(II) and Pd(II) 
using a light source and separating the two isomers using HPLC.
21
 The trans-[PtII(L2-S,O)2] 
complex crystallised by Koch and co-workers was crystallized in the presence of strong 
sunlight which was found to be the reason for the crystals forming. 
 
In our case, the crystals of the cis-[PtII(L2-S,O)2] formed in the dark, and crystallized at -18ºC.   




-S,O)2 and is highly 
unsymmetrical. Unfortunately, the error in the fit of the model to the experimental diffraction 
spots is rather large (R factor = 11) and unacceptable for publication. For our purpose of 
characterization however, it is clear that the cis-N,N-dibutyl-N'-naphtoylthiourea platinate 








2.5 Synthesis of the mixed ligand [PdII(phen)(L1-S,O)]Cl complex and its 
precursors  
2.5.1 Synthesis of PdIICl2(1,10-phenanthroline)  
The synthesis of Pd
II
Cl2(phen) was carried out using a similar method as described for the 
platinum analogue, Pt
II
Cl2(phen), by the reaction of K2[Pd
II
Cl4] and 1,10-phenanthroline in 
acidic (HCl) aqueous solutions. The complex formation reaction is significantly faster for 
Pd
II
Cl2(phen) compared to Pt
II
Cl2(phen) as expected for the generally kinetically labile Pd(II) 
coordination chemistry.
14
 On addition of equimolar quantities of reagents, the reaction was 
typically complete at room temperature after 1 hour resulting in a yield of 95-98%. The 
reaction mixture changed colour from a dark brown solution to a pale pink-yellow suspension 
within 5-7 minutes. This fast kinetics is characteristic of palladium(II) reactions since it is 





H NMR spectrum of Pd
II





H resonances and assignments are shown in Figure 2.16.  
 
 
Figure 2.16  
1
H NMR spectrum of Pd
II
Cl2(phen) in dimethyl sulfoxide-d6 at 25 ºC. 
 
As expected, the proton resonance at 9.35 ppm (Figure 2.16) shows no satellites resulting 
from coupling to the Pd centre, as was observed for Pt complexes (
3J(195Pt-1H) observed for 
Pt
II
Cl2(phen) While Pd has one NMR active isotope (
105
Pd at 22,2% natural abundance), this 
isotope is a quadrupolar nucleus with a quantum number I = 5/2, and would result in broad 
unresolved multiple splitting if these are observable at all, in view of the probably rapid 











2.5.2 Synthesis of PdII3(OAc)6 
The low solubility of Pd
II





S,O)]+ difficult in organic solvents. Therefore, the more soluble precursor PdII(1,10-
phenanthroline)(CH3CO2)2 or Pd
II
(phen)(OAc)2, was synthesized. The Pd
II
(phen)(OAc)2 
complex is normally synthesised from Pd
II
3(OAc)6. However, the successful and reproducible 
synthesis of Pd
II
3(OAc)6 in high yields has been contentious in the literature for some 
methods suggested and the yields could not be easily reproduced.
24
 Murillo and co-workers 
have carefully studied the synthesis according to common literature methods and have 
presented a reproducible method to synthesise Pd
II
3(OAc)6 in high yields.
25
 Their improved 
synthesis involves the reaction of Pd
II
Cl2 with NaHCO2 to reduce the Pd
II





 is then filtered off and washed with water. The Pd
0
 is re-oxidised to Pd
II
 with HNO3 
in glacial acetic acid to form the crude Pd3(OAc)6 with the 
1
H NMR shown in Figure 2.17b 





H NMR spectrum of the commercially available Pd3(OAc)6 is also shown in 
Figure 2.17a. 
 
Figure 2.17  
1
H NMR spectra of Pd3(OAc)6 in chloroform-d1. The material was (a) 
obtained commercially and (b) synthesised according to the method of Murillo and co-
workers.
25






































The assignments of 
1
H NMR spectrum of Pd3(OAc)6 from this synthesis method were made 




H NMR spectrum of our prepared "Pd3(OAc)6" 
clearly show significant amount of Pd3(OAc)5(NO2) compared to the commercial sample, 
according to the assignments made by Murillo and Cotton. However, the 'unknown' peaks 
labelled in Figure 2.17 observed in our sample as well as the commercial sample were not 
assigned by Murillo and Cotton. A recent publication on the speciation of Pd3(OAc)6 by Hii 
and co-workers suggest three structures in solution as shown in Figure 2.18, which may 












Figure 2.18  Suggested structures of Pd(OAc)2 in solution.
26 
 
The trinuclear complex (1) is the major species in solution while the dinuclear (2) and 
mononuclear (3) complexes are present in lower quantities.
26
 However, the presence of these 
two additional species (2) and (3), is not discussed by Murillo and Cotton and could account 
for the three additional signals observed in the 
1
H NMR spectrum of our samples (Figure 
2.17). The dinuclear complex (2) should show two singlets with equal intensity as a result of 
the acetate ligands being in two different chemical environments. One singlet 
1
H resonance is 
expected for the mononuclear bis-acetonato complex (3). If both of these products are in 
solution, two signals are expected of equal intensity and a single peak with the total being 
three additional peaks. This is indeed what was observed and this two additional species (2) 
and (3) may account for the previously un-assigned peaks in the 
1
H NMR spectrum of 











2.5.3 Synthesis of PdII(1,10-phenanthroline)(CH3CO2)2  
The Pd
II





-S,O)]+. An improved synthesis described by Milani and co-workers was 




 The synthesis involves the reaction of 
Pd
II
3(OAc)6 in acetone with 1,10-phenanthroline at room  temperature. The product 





H NMR, with assignments based on the comparison with the 
assignments of the Pd
II
(phen)Cl2 complex in dimethyl sulfoxide-d6 with the addition of a 








               
Figure 2.19  
1
H NMR spectrum of Pd
II


















2.5.4 Synthesis of the mixed ligand [PdII(1,10-phenanthroline)(N,N-pyrrolidyl-N’-
pivaloylthiourea)]Cl complex  







-S,O)]+ was carried out either using PdII(phen)(OAc)2 and PdIICl2(phen) as 







Cl2(phen) as precursor which was unsuccessful. However, using 
Pd
II
(phen)(OAc)2 as precursor it was possible to prepare the desired complex in reasonable to 





-S,O)]+ and PdII(phen)(OAc)2 required the separation of [PdII(phen)(L1-S,O)]+ 
from the precursor using column chromatography with Al2O3 stationary phase and a 




-S,O)]+ complex eluting 
with an 80/20 (v/v) acetone/water mixture (70% yield). The 
1
H NMR spectrum and 




-S,O)]+ in chloroform is shown in Figure 2.20.  
 
 
Figure 2.20  
1




-S,O)]Cl in chloroform-d1 at 25 ºC. 
 





















-S,O)]Cl shows the expected H2 and H9 resonances 




-S,O)]Cl from the PdIICl2(phen) 





 in a dichloromethane/water mixture containing NaOAc. A bright 




-S,O)]Cl accumulated at the interface which dissolves 





-S,O)]Cl complex was separated from the aqueous phase, 




-S,O)]Cl complex precipitated from solution by the addition of 
ether. Typical yields of 60-70% were obtained using this novel synthetic method. 
Furthermore, the water was found to be essential for the reaction to take place and postulate 
that water is required to solvate the Cl
-
 in solution. The solvation of Cl
-
 in water would be 
energetically more favourable than in organic solvents and may account for the reaction to 
occurring in the presence of water.  
 
2.6 Synthesis of [PtIICl(DMSO)(en)]Cl 
2.6.1 Synthesis of  cis-[PtIICl2(DMSO)2] 
The synthesis of cis-PtIICl2(DMSO)2 precursor was done using the method described by Price 
and co-workers.
28
  The pure product precipitates as a pale yellow crystalline material from a 
solution containing K2[Pt
II
Cl4] and dimethyl sulfoxide in water at room temperature (2hrs). 
Pt
II
Cl2(DMSO)2 was characterized by 
1
H NMR (Figure 2.21). 
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Figure 2.21  
1
H NMR spectrum of Pt
II
Cl2(DMSO)2 in chloroform-d1 at 25ºC. 
Interestingly the 
1
H NMR spectrum show coupling between the -CH3 protons of the 
coordinated dimethyl sulfoxide (DMSO) and the 
195
Pt metal centre as the broad doublet (H
1’
) 
around the main singlet at  3.54 ppm with a coupling constant 
3J(195Pt-1H) = 22.5 Hz in 
CDCl3. The singlet at 3.54 ppm corresponds to the DMSO coordinated to the NMR inactive 
Pt isotopes (ca. 67% natural abundance) and is labelled (H1).  
2.6.2 Synthesis of [PtIICl(DMSO)(en)]Cl 
[Pt
II




-S,O)]Cl with the 
distinct difference of not having any aromatic groups. Therefore, this cationic complex could 
possibly form cation-π interactions with aromatic moieties without the capability of forming 





cation-π interaction with aromatic moieties (pyrene or benzene) is thought to be of greater 
importance compared to aromatic-π stacking interactions in this case.  
The synthesis of [Pt
II
Cl(DMSO)(en)]Cl involves the reaction of Pt
II
Cl2(DMSO)2 with 
ethylenediamine (en) in methanol.
29
 However, acetonitrile was used instead of methanol with 
the product precipitated as a white powder-like material. The 
1
H NMR spectrum of 
[Pt
II




 (ca. 10%) 
which is a side product which is always present for this synthesis.
29
   
 
H1 H1’ H1’ 
H1’ H1’ 
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Figure 2.22  
1
H NMR spectrum of [Pt
II
Cl(DMSO)(en)]Cl in D2O at 25ºC.   




 could be observed with the complex 
containing the NMR active 
195




 while the NMR inactive 










 is 20.3 and 42.3 Hz respectively and compares well with values of 23 
and 42 Hz obtained by Tobe and co-workers.
29
   
 
 
2.7 Interesting features of the 1H NMR spectra of platinum(II) diimine 
complexes 
2.7.1 195Pt coupling in the 1H NMR spectrum of square planar PtII(diimine) complexes 
and the effect of chemical shift anisotropy and quadrupolar coupling 
The 
1
H NMR spectra of the various Pt
II
 complexes exhibit scalar-coupling to the NMR active 
195
Pt nuclei. The ability to observe the so-called platinum satellites in 
1
H NMR depends 
largely on the spin-relaxation of the 
195
Pt nuclei. If the relaxation rate is relatively slow, the 
1
H lines of the 
195
Pt-containing isotopic analogous are well resolved and split by the NMR 
active nucleus and coupling is observed. However, in the cases of fast relaxation of the 
195
Pt 











relaxation of the J-coupling nucleus, no coupling is observed, a phenomenon known as self-
decoupling.
30
 This effect is indeed visible for the Pd complexes (Figure 2.16-Figure 2.20), 
where no 
105





 However, in the case of 
105
Pd, the quadrupolar relaxation mechanism 
is dominant, while for 
195
Pt in square planar complexes, chemical shift anisotropy (CSA) is 
believed to be the major relaxation mechanism which is dependent on the magnetic field 
strength (B0).
31
   
Chemical shift anisotropy refers the dependence of the local magnetic field experienced by 
a nucleus on the orientation of the molecule relative to the direction of the applied magnetic 
field B0, since the molecules are not spherical. Reorientation (tumbling) of the molecule in 
the applied field results in a change, or fluctuation, of the local field which result in spin-
lattice relaxation of the 
195
Pt nucleus.  
 
This motion can be expressed as a function of the rotational correlation time, τc, which is 
loosely defined as the average time it takes a molecule to change its orientation or rotate by 1 
radian.
23
 Furthermore, as the viscosity of the solution increases, the τc becomes longer, which 
result in an increase in the importance of the CSA mechanism which results in reduced 
relaxation times.  
 
This effect is observed in the 
1
H NMR spectrum of Pt
II
(bipy)Cl2 in dimethyl sulfoxide-d6 
and acetonitrile-d3 in which the 
195
Pt satellites are significantly broader in dimethyl sulfoxide 
compared to the less viscous acetonitrile (Figure 2.23) at the same temperature and B0. This 
broadening due to CSA relaxation can also be observed in the 
1
H NMR spectrum of the 
square-planar Pt
II
Cl2(DMSO)2 complex (Figure 2.21). A marked difference in the line width 
of the 
195
Pt satellites of  Pt
II
Cl2(DMSO)2 and the parent line is observed with the peak width 
at half-height ∆ν½ ≈ 4.0 Hz for the 
195









Figure 2.23  The effect of solvent on the CSA relaxation due to the change in correlation 
time, τc, displayed in the broadness of the platinum satellites of H
2










However, broadening of the 
195
Pt satellites is not only due to the increase in correlation time 
i.e slow tumbling, τc, but also the strength of the external magnetic field, B0. CSA effects 
decrease at lower magnetic field strength since the CSA relaxation is directly dependant on 




 The relationship between the spin lattice relaxation 
time due to CSA is given by equation 2.1:
31 
  
           
                                (2.1) 
Where, T1
-1
(CSA) is the spin lattice relaxation due to CSA, γ the gyromagnetic ratio of the 
observed nucleus and Δσ the anisotropy term. The dependence of the CSA relaxation on the 
square of the magnetic fields strength (B0
2


















Figure 2.24  The 
1




-S,O)]Cl showing broad unresolved 
195
Pt satellites that are more visible (a) at 400 MHz (9.4 T) than (b) at a higher magnetic field 
of 600 MHz (14.1 T). 
The 
195
Pt J-coupling constant to H2 and H9 in the PtII(phen)(L1-S,O)]Cl complex is 









-S,O)]Cl complex however, was significantly more 
resolved with the corresponding coupling constants 
3J(195Pt-H2) = 23 Hz and 3J(195Pt-H9) = 





Figure 2.25  
1

























3J = 23 Hz 
H2 H9 
 
3J = 46 Hz 
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can be rationalised on the basis of electron density in the Pt-N bonds trans to the donor atoms 
of the N,N-di(alkyl)-N’-acylthiourea. The Pt-S bond is thought to be the strongest and 
withdraws more electrons from the Pt-N bond trans to the sulphur atom. This leads to a loss 
of electron density in the region trans to the sulphur causing N1 and H2 to be the most 
deshielded. Less electron density implies that the coupling constant must decrease because of 
the 'through-bond' coupling nature of scalar J-coupling.
32
 The relationship between the J-





                    
          
                              (2.2) 
where, γ is the gyromagnetic ratios of nucleus A and B, the |Ψns(0)
2
| term represents the 









H NMR spectra of all the Pt
II
(phen) complexes showed an interesting second-order 









 are distorted due to strong coupling between two nuclei which 
alters the transitional probabilities of the four NMR lines reflected in the intensity of the lines 
of the multiplets. The probabilities of the transitions corresponding to the inner lines are 
increased by this strong coupling, while those corresponding to the outer lines become less 
probable, as seen from the difference in intensities observed (Figure 2.26).
34
 This effect is 
more pronounced for a smaller gap or difference in frequency (δν) between αAβ and βAαB 
relative to the scalar coupling (J) between the two nuclei A and B, where α and β are the two 
spin states (m = +1/2 and -1/2) of the respective nuclei (spin quantum number I = ½ i.e. 1H). 
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The two cases of weak- and strong coupling are displayed as conventional- and distorted 














Figure 2.26  (a) Energy levels and the predicted spectra of two 
1
H’s in a weakly coupled 
system (left of diagram) and in the case of strong coupling to the right.
34
 (b) The ‘roof’ effect 








-S,O)]Cl in chloroform-d1, where 




 and C denotes the separation of the two 
central states. 




, the separation of the two states 
increases from δν to C = [(δν)
2
 + J 2]1/2, while the doublets are no longer centred at the 
chemical shift positions (δH
5/6
) as shown by the red lines in Figure 2.26b and Figure 2.27. 
The effect of the magnitude of the coupling constant relative to the chemical shift difference  
(δν) on the 
1
H NMR spectra of various Pt
II
(phen) complexes are shown in Figure 2.27 with δν 
ranging from 8.8J to 0. The coupling constant between H5 and H6 is constant at 3J = 8.9 Hz 
with the inner lines of the two doublets increase in intensity while the outer lines become 
weaker in intensity as the chemical shift differences (δν) decreases until δν = 0, where only a 






















A B A B 
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Figure 2.27  
1
H NMR spectra of various Pt
II
(phen) complexes showing a range of δν/J 










-S,O)]Cl2 complex to 3.2 Hz for the strongly coupled PtII(phen)(L1-





-S,O)]Cl is shifted from the ‘centre’ of the distorted doublets (blue dashed lines 
in Figure 2.26b) towards the more intense inner NMR lines of the doublets with the actual 








  indicated by the red lines) shifted by a value ½ (C 
- δν) = 1.9 Hz.  




 are reported as a 
single value at the centre of the two distorted doublets since the actual chemical shift can only 
be obtained by the calculations discussed above. 
 
 
2.8 Experimental Section 
2.8.1 Instrumentation 
1
H NMR and 2D NMR experiments were done in 5mm tubes using a Varian Unity Inova 400 
MHz spectrometer operating at 399.95 MHz or a Varian Unity Inova 600 MHz spectrometer 








δν/J = 8.8 




δν/J = 2.5 
δν = 0 Hz 
C = 0 Hz  
δν = 78.5 Hz 
C = 79.0 Hz 
δν = 22.3 Hz 
C = 24.0 Hz 
δν = 10.4 Hz 
















δν/J = 1.2 
3J = 0         
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MHz. Melting points were determined using an Electrothermal IA9300 Digital Melting Point 
Apparatus. UV-VIS spectra were recorded on a single beam Agilent 8253E UV-visible 
spectrophotometer. The IR absorbance spectra were recorded on a Thermo Nicolet Nexus 
FT-IR spectrometer fitted with a Smart-ATR adaptor. Elemental analysis for C, H and N was 
done on an EA Euro 3000 Elemental Analyser. Electron spray mass spectra were obtained 
using a Waters Synapt G2 Mass Spectrometer with leucine enkephalin as lock mass. 
 
2.8.2 Crystal and Structure Refinement Data for PtII(bipy)Cl2·CH3CN 
 PtII(bipy)Cl2·CH3CN 
Empirical formula  C10H8Cl2N2Pt, 2(C2H3N) 
Formula weight  463.23 
Temperature (K)  100 
Wavelength (Å)  0.71073 
Crystal system  Monoclinic 
Space group  P21/n 
Unit cell dimensions (Å, º) a = 9.1069(2)  =  90 
 b = 22.7965(6)  =  101.342(1) 
 c = 13.1246(4)  =  90 
Volume (Å) 2671.53(12) 
Z  8 









) 0.08 x  0.10 x  0.33 
 range for data collection () 1.8 to 26.4 
Reflections collected 20604 
Independent reflections 5473 [Rint = 0.052] 
Data / restraints / parameters 4557 / 0 / 327 
Goodness-of-fit on F2 1.04 
Final R indices [I2(I)] R1 = 0.0318, wR2 = 0.0666 
Largest diff. peak and hole (e Å
-3
)   -0.98, 2.12 
 
2.8.3 Synthetic procedures of PtII complexes and precursors 
2.8.3.1 Preparation of N,N-di(alkyl)-N’-acylthiourea  
The synthesis of N-pyrrolidyl-N’-pivaloylthiourea (HL1) was done using the method 
described by Douglas and Dains.
9




 were previously synthesised and 
purified by co-workers and were used with their permission. The synthesis of HL
1
 was 
carried out in anhydrous acetone which was collected from an acetone still with 4Å molecular 
Stellenbosch University http://scholar.sun.ac.za




sieves. Vacuum oven dried KSCN (16 mmol) was dissolved in acetone (25 ml) to which 
pivaloyl chloride (15 mmol) was added drop-wise. The reaction mixture was heated to reflux 
for 45 minutes and cooled to room temperature before pyrrolidine (15 mmol) was drop-wise 
added. The reaction mixture was then heated to reflux for an additional 2 hours before it was 
poured into a beaker containing 50ml water at room temperature. The evaporation of the 









(399.95 MHz, DMSO-d6, 25°C), δ=9.74 (s, 1H: NH), 3.63 (m, 2H: Ha’), 3.42 (m, 2H: Ha), 























), 174.38 ppm (C
O
); 
UV/Vis: λmax (ε) 216(13 399), 276 nm (14 792 dm3mol-1cm-1); Elemental analysis calculated 
(%) for C10H18N2OS: C 57.8, H 8.5, N 13.1, S 14.96;  found: C 57.0, H 8.8, N 13.3, S 14.8. 
 
2.8.3.2 Preparation of PtII(diimine)Cl2 









Cl4] (0.95g, 2.3 mmol) was dissolved in water (50ml) containing 6 ml 
of a 4M HCl solution. The diimine (phen/bipy) was added in a slight excess (2.32 mmol) and 
the solution heated to a gentle reflux for 2 to 14 hours. The yellow product precipitated from 
solution upon cooling to 4ºC, was recovered by filtration and washed with cold deionized 




 and diimine 






Cl2(1,10-phenanthroline): 980 mg, Yield 96 %, m.p. > 350°C. 
1
H NMR (399.95 MHz, 




















). IR (ATR): υ (cm-1), 3083 (arom. C-H stretch), 
3059 (arom. C-H stretch), 1427 (arom. C-C stretch), 1220 (asym. C-N stretch) 1208 (sym. C-
N stretch); Elemental analysis calculated (%) for C12H8N2Pt: C 32.30, N 6.28; found: C 32.6, 
N 6.0.  
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(2,2-bipyridyl)Cl2: 197 mg, Yield 90.6 %, m.p. > 350°C. 
1
H NMR (399.95 MHz, 





). Elemental analysis calculated (%) for C10H8N2Pt: C 28.45, H 1.91, N 
6.64; found (%): C 29.0, H 2.4, N 7.0.  
 
2.8.3.3 Preparation of ([PtII(phen)(Ln-S,O)]Cl 





described by Koch et al.1 was modified for the preparation of [PtII(phen)(L1-S,O)]Cl. A 
suspension of Pt
II
Cl2(phen) (0.045 g, 0.1 mmol) in 10 ml of acetonitrile was heated under 
reflux for 10 min, after which N-pyrrolidyl-N’-pivaloylthiourea (0.022 g, 0.101 mmol) in 2 
ml acetonitrile was added dropwise and the mixture heated under reflux for 15 min. A 
suspension of sodium acetate (NaOAc) (0.028 g, 0.15 mmol) in acetonitrile was added and 
the mixture was heated under reflux ca. 14 hrs. The mixture was allowed to cool to room 
temperature and filtered through Celite to remove any NaCl precipitate formed. The filtrate 
was concentrated by evaporation to a volume of ca. 2 ml. Diethyl ether (100 ml) was added 
to precipitate the product and this precipitate was collected by centrifugation, resuspended 
several times with cold diethyl ether and centrifuged again. The yellow product was dried 
overnight under vacuum.  
 
In some cases dichloromethane was used as solvent instead of acetonitrile while the NaOAc 
was replaced by triethylamine. The use of methanol as solvent was also investigated with 
NaOAc which is soluble in methanol. Reaction yields varied significantly for this series of 






-S,O)]Cl:  58 mg, Yield 93%, m.p. 134 – 135 °C 
1
H NMR (599.99 MHz, 
CD3CN), δ=9.01 (dd, 4J(H,H)=0.9 Hz, 3J(H,H)=4.5 Hz, 1H: H2), 8.85 (dd, 4J(H,H)=0.9 Hz, 
3
J(H,H)=7.7 Hz, 1H: H
4




J = 7.8 Hz, 1H: H
7
), 8.66 (d, 
3
J(H,H)=5.3 Hz, 1H: H
9




J(H,H)=7.7 Hz 1H: H
3









J(H,H)=7.3 Hz, 1H: H
8
) 3.76 (t, 2H: H
a’
), 3.74 (t, 2H: 
H
a
), 2.11 (p, 2H: H
b’
), 2.02 (p, 2H: H
b
), 1.33 ppm (s, 9H: H
1’
). IR (ATR): υ (cm
-1
), 3086 
(arom. C-H stretch), 3059 (arom. C-H stretch), 2969 (C-H stretch), 2927 (C-H stretch), 1482 
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(C-O stretch), 1380 (CH3 umbrella deformation), 1434 (arom. C-C stretch) 1264 (asym. C-N 






-S,O)]Cl: 46 mg, Yield 41%, m.p. 121 - 123 °C 
1
H NMR (399.95 MHz, 





), 8.19 (d, 1H: H
2’













), 7.56 (m, 1H: H
7'
), 3.92 (t, 2H: H
a’
), 3.80 (t, 2H: H
a
), 1.85 (p, 2H: H
b’
), 1.68 (p, 2H: 
H
b
), 1.50 (s, 2H: H
c’
), 1.27 (s, 2H: H
c
), 1.03 (t, 3H: H
d’
), 0.83 ppm (t, 3H: H
d
); (+) ESI MS: 






-S,O)]Cl: 20 mg, Yield 20%, m.p. 151 - 154 °C 
1
H NMR (399.95 MHz, 
DMSO-d6), δ=9.10 (dd, 1H: H2), 8.78 (dd, 1H: H4), 8.69 (m, 2H: H7, H9), 8.14 (dd, 1H: H3), 










), 7.80 (dd, H: H
8
), 7.67 (t, 1H: H
4’











), 1.83 (p, 2H: H
b’
), 1.70 (p, 2H: H
b
), 1.52 (s, 2H: H
c’
), 1.43 (s, 
2H: H
c
), 1.09 (t, 3H: H
d’
), 0.98 ppm (t, 3H: H
d






-S,O)]Cl: 43 mg, Yield 75%, m.p. 218 - 221 °C 
1
H NMR (399.95 MHz, 
DMSO-d6), δ=9.34 (dd, 1H: H2), 9.13 (d, 1H: H4), 9.06 (d, 1H: H7), 9.06 (d, 1H: H9), 8.43 
(dd, 1H: H
3










), 8.11 (dd H: H
8
), 7.70 (m, 1H: H
4’
) 




),  3.97 (q, 2H: H
a’
), 3.93 (q, 2H: H
a
) 1.42 (t, 3H: H
b’
), 1.29 ppm (t, 3H: 
H
b






-S,O)]Cl: 50 mg, Yield 45 %, m.p. 208 - 209 °C 
1
H NMR (399.95 MHz, 
DMSO-d6), δ=9.38 (dd, 1H: H2), 9.16 (d, 1H: H4), 9.11 (d, 1H: H9), 9.09 (d, 1H: H7), 8.45 
(dd, 1H: H
3










), 8.15 (dd H: H
8





), 4.00 (q, 2H: H
a’
), 3.94 (q, 2H: H
a
), 1.44 (t, 3H: H
b’
), 1.30 ppm (t, 3H: H
b
); (+) ESI MS: 






-S,O)]Cl:  104 mg, Yield 95%, m.p. 239 - 240 °C 
1
H NMR (399.95 MHz, 
DMSO-d6), δ=9.40 (dd, 1H: H2), 9.15 (d, 1H: H4), 9.09 (d, 1H: H9), 9.07 (d, 1H: H7), 8.43 
(dd, 1H: H
3










), 8.15 (dd H: H
8





), 3.99 (q, 2H: H
a’
), 3.93 (q, 2H: H
a
), 3.89 (s, 3H: H
7’
), 1.44 (t, 3H: H
b’
), 1.30 ppm (t, 3H: 
H
b
); (+) ESI MS: m/z 640.136 (M+) 
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-S,O)]Cl: 103 mg, Yield 95%, m.p. 235 - 236 °C 
1
H NMR (399.95 MHz, 
DMSO-d6), δ=9.29 (dd, 1H: H2), 9.07 (d, 1H: H4), 9.00 (d, 1H: H7), 8.94 (d, 1H: H9), 8.39 
(dd, 1H: H
3










), 8.05 (dd H: H
8
), 7.71 (m, 1H: H
4’
) 




),  3.44 (s, 3H: H
a’
), 3.42 ppm (s, 3H: H
a







-S,O)]Cl: 90 mg, Yield 84%, m.p.158 - 160 °C 
1
H NMR (399.95 MHz, 
DMSO-d6), δ=9.26 (dd, 1H: H2), 9.09 (d, 1H: H4), 9.00 (d, 1H: H7), 8.94 (d, 1H: H9), 8.38 
(dd, 1H: H
3










), 8.07 (dd H: H
8





), 3.92 (q, 2H: H
a’
), 3.86 (q, 2H: H
a
), 1.42 (t, 3H: H
b’
), 1.29 ppm (t, 3H: H
b
); (+) ESI MS: 






-S,O)]Cl: 93 mg, Yield 70%, m.p. 169 - 171 °C 
1
H NMR (399.95 MHz, 
DMSO-d6), δ=9.16 (dd, 1H: H2), 8.99 (dd, 1H: H4), 8.57 (dd, 1H: H7), 8.26 (dd, 1H: H3), 8.09 
(d, 1H: H
5
), 7.96 (d, 1H: H
9
), 6.89 (s, 1H: H
6
), 7.55 ppm (dd, 1H: H
8





), 1.38 (t, 2H: H
b’
), 1.32 ppm (t, 2H: H
b






-S,O)]Cl:  87 mg, Yield 88%, m.p. 198 - 201 °C 
1
H NMR (399.95 MHz, 
DMSO-d6), δ=9.33 (dd, 1H: H2), 9.11 (dd, 1H: H4), 9.06 (dd, H: H9), 9.04 (dd, 1H: H7), 8.40 
(dd, 1H: H
3










), 8.07 (dd, H: H
8
), 7.70 (m, 1H: H
4’
) 














), 1.69 ppm (m, 2H: H
c
); 






-S,O)]Cl: 93 mg, Yield 96%, m.p. 128-132 °C 
1
H NMR (399.95 MHz, 
DMSO-d6), δ=9.23 (dd, 1H: H2), 9.15 (dd, 1H: H4), 9.09 (dd, H: H9), 9.07 (dd, 1H: H7), 8.44 
(dd, 1H: H
3






), 8.11 (dd, H: H
8
), 4.17 (m, 2H: H
a’







), 1.65 (m, 2H: H
c
), 1.35 ppm (s, 9H: H
1’






-S,O)]Cl: 79 mg, Yield 82%, m.p. 130 - 133 °C 
1
H NMR (399.95 MHz, 
DMSO-d6), δ=9.19 (dd, 1H: H2), 9.15 (dd, 1H: H4), 9.07 (dd, 1H: H7), 9.05 (dd, H: H9), 8.43 
(dd, 1H: H
3






), 8.10 (dd, H: H
8
), 4.20 (m, 2H: H
a’





), 3.75 (m, 2H: H
b
), 1.34 ppm (s, 9H: H
1’
); (+) ESI MS: m/z 604.134 (M+) 
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-S,O)]Cl: 73 mg, Yield 70%, m.p. 132 - 135 °C 
1
H NMR (399.95 MHz, 
MeCN-d3), δ=9.06 (dd, 1H: H2), 8.86 (dd, 1H: H4), 8.79 (dd, 1H: H7), 8.78 (dd, H: H9), 8.16 
(dd, 1H: H
3






), 7.88 (dd, H: H
8
), 3.82 (t, 2H: H
a’





), 1.70 (p, 2H: H
b
), 1.52 (s, 2H: H
c’
), 1.39 (s, 2H: H
c
), 1.06 (t, 3H: H
d’
), 0.98 (t, 
3H: H
d
), 1.35 ppm (s, 9H: H
1’






-S,O)]Cl: 66 mg, Yield 67%, m.p. 125 - 130 °C 
1
H NMR (399.95 MHz, 
DMSO-d6), δ=9.23 (dd, 1H: H2), 9.15 (dd, 1H: H4), 9.07 (dd, 1H: H7), 9.05 (dd, H: H9), 8.44 
(dd, 1H: H
3






), 8.13 (dd, H: H
8
), 3.93 (q, 2H: H
a’





), 1.35 (s, 9H: H
1’
), 1.24 ppm (t, 2H: H
b
); (+) ESI MS: m/z 590.154 (M+)  
 
2.8.3.4 Preparation of [PtII(bipy)(Ln-S,O)]Cl 




-S,O)]Cl complexes were done using the method described in 









-S,O)]Cl:  180 mg, Yield 98%, m.p. 132 - 134 °C 
1
H NMR (399.95 MHz, 
MeCN-d3), δ=8.97 (ddd, 1H: H2), 8.60 (ddd, 1H: H9), 8.43 (m, 2H: H5, H6), 8.37 (td, 1H: H4), 
8.28 (td, 1H: H
7
), 7.29 (ddd, 1H: H
3
), 7.61 ddd, 1H: H
8
), 3.75 (t, 2H: H
a’
), 3.71 (t, 2H: H
a
), 
2.12 (p, 2H: H
b’
), 2.01 (p, 2H: H
b
), 1.31 ppm (s, 9H: H
1’






-S,O)]Cl:  170 mg, Yield 78%, m.p. 88 - 90 °C 
1
H NMR (399.95 MHz, CHCl3-
d1), δ=8.80 (ddd, 1H: H2), 8.68 (ddd, 1H: H9), 8.60 (m, 2H: H5, H6), 8.40 (m, 2H: H8’, H2’), 
8.35 (ddd, 1H: H
4’
), 8.04 (d, 1H: H
3’




), 7.66 (dd, 1H: H
7











), 3.88 (t, 2H: H
a’
), 3.79 (t, 2H: H
a
), 1.90 (p, 2H: H
b’





), 1.35 (s, 2H: H
c
), 1.08 (t, 3H: H
d’
), 0.92 ppm (t, 3H: H
d
); (+) ESI MS: m/z 
692.205 (M+) 
 
2.8.3.5 Preparation of cis-[PtIICl2(DMSO)2] 
The neural cis-platinum dimethyl sulfoxide complex was prepared using the method of Price 
et al.28 K2[PtIICl4] (0.5 mmol) was dissolved in a minimum volume of deionized water (2 ml); 
to this solution dimethyl sulfoxide (1.5 mmol) was added and the solution stirred at room 
temperature for 2 hours. Upon addition of DMSO the colour of the solution changed instantly 
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from red to orange with a yellow precipitate. This Pt
II
Cl2(DMSO)2 precipitate was filtered off 





Cl2(DMSO)2: 126 mg, Yield 60 %, m.p. 225 - 227 °C. 
1
H NMR (399.95 MHz, 
chloroform-d1, 25°C), δ=3.54 (s, 6H, H1), 3.54 ppm (d, 3J(195Pt-1H) = 22.5 Hz, H1’).  
2.8.3.6 Preparation of [PtIICl(DMSO)(en)]Cl 
The cationic [Pt
II
Cl(DMSO)(en)]Cl was prepared by the method described by Tobe and co-
workers.
29
 However, acetonitrile was used as solvent instead of methanol. Ethylenediamine 
(8.4 mg) was added to Pt
II
Cl2(DMSO)2 (58.7 mg) in acetonitrile (5ml). The solution was 
stirred at room temperature for ~14 hrs. The white product precipitated immediately after 




Cl(DMSO)(en)]Cl: 232 mg, Yield 97.8 %, m.p. > 350°C. 
1
H NMR (399.95 MHz, D2O, 
25°C), δ=3.50 (s, 6H, H1), 3.50 (d, 3J(195Pt-1H) = 20.3 Hz, H2, H3), 2.85 (s, 4H, H2, H3), 2.85 
ppm (d, 
3J(195Pt-1H) = 42.3 Hz, H2’, H3’). 
2.8.4 Synthetic procedures for PdII complexes and precursors 
2.8.4.1 Preparation of PdIICl2(phen) 
A method similar to that used for the synthesis of Pt
II
Cl2(diimine) described in Section 
2.8.3.2 was used for the synthesis of Pd
II
Cl2(phen). However, the reaction time and 
temperature was decreased from over night (~14 hours at 95ºC) to 1 hour at room 
temperature. K2[Pd
II
Cl4] (216.5 mg) was dissolved in water (50ml) containing 6 ml of a 2M 
HCl solution. The ligand, 1,10-phenanthroline was then added in a slight excess (132.6 mg) 
and the solution shaken for 1 hour. The pale yellow-pink product precipitated almost  
 
immediately from solution when cooled to 4ºC, filtered off and washed with cold deionized 




 and diimine 
respectively and dried under vacuum. The product was obtained in high yields (95-98%). 
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Cl2(1,10-phenanthroline): 232 mg, Yield 97.8 %, m.p. > 350°C. 
1
H NMR (399.95 MHz, 
DMSO-d6, 25°C), δ=9.35 (dd, 2H; H9, H2), 8.98 (dd, 2H; H4, H7), 8.29 (s, 2H; H5, H6), 8.14 





2.8.4.2 Preparation of PdII3(OAc)6  
 The method described by Murillo and Cotton was used to synthesise Pd3(OAc)6 from 
PdCl2.
25
 A solution of NaOH (3.02 g) and CH3OONa (2.40 g) was added to a solution of 





 was collected by filtration and washed with water and acetone and dried under 
vacuum. The black Pd
0
 powder was then suspended in glacial acetic acid (60 ml) and 
concentrated HNO3 was added slowly to oxidize the metal to Pd
II
. The mixture was heated to 
reflux for 30 min while N2 gas was bubbled through the solution. The volume was reduced by 
slow evaporation with heating to a third of the volume after which the mixture was cooled to 
room temperature. The orange-brown crystalline material was isolated by filtration and 




3(MeCO2)6: 1.57 mg, Yield 76 %, m.p. 205 -208°C. 
1
H NMR 399.95 MHz, Chloroform-
d1, 25°C), δ=2.00 (s, 18H; H1).  
 
2.8.4.3 Preparation of PdII(phen)(OAc)2 
Pd
II





3(OAc)6 (102 mg) was dissolved in acetone (9 ml) and two drops of glacial 
acetic acid were added. The 1,10-phenanthroline ligand was dissolved in acetone (2 ml) and 
added to the Pd
II
3(OAc)6 solution and stirred for ~1 hr at room temperature with the brown 
solution turning to yellow after which the product precipitated. The Pd
II
(phen)(OAc)2  was 






(1,10-phenanthroline)(MeCO2)2: 157 mg, Yield 87 %, decomposition temperature: 240 
- 250 °C. 
1
































Cl2(phen). In both synthetic procedures the product was further 
purified using column chromatography as discussed in Section 2.5.4 if the purity was not 
desirable. 
 
Synthesis from PdII(phen)(OAc)2: 
Several methods were attempted to synthesise Pd
II
(phen)(OAc)2 with the use of acetone as 
solvent being the preferred method. Pd
II
(phen)(OAc)2 (25 mg) and NaOAc (8 mg) was 
suspended in acetone. HL
1
 (19 mg) was added dropwise while the solution turned bright 
yellow as the reaction proceeded. After 1 hour the solution was filtered to remove the excess 
NaOAc and unreacted Pd
II
(phen)(OAc)2. The solvent was removed under reduced pressure 
and the precipitate washed with ether. Isolated yields were typically 60 - 70 %. 
 
Synthesis from PdIICl2(phen): 
Pd
II
Cl2(phen) (50 mg) and HL
1
 (26 mg) were suspended in dichloromethane (10 ml). To this 
mixture was added NaOAc dissolved in water (5 ml). The mixture was shaken at room 
temperature for 30 min while the dichloromethane phase turned yellow while a bright yellow 
product precipitated at the water/dichloromethane interface. Acetonitrile was added (15ml) 
and the precipitate dissolved with the organic phase being bright yellow. The organic phase 
was separated and filtered and the solvent volume was reduced until the product precipitated. 






-S,O)]Cl: Yield 60 - 70%, m.p. 126 - 128°C 
1
H NMR (399.95 MHz, 
Chloroform-d1, 25ºC), δ=9.13 (d, 1H: H4), 9.09 (d, 1H: H7), 8.97 (d, 1H: H2), 8.65 (d, 1H: 
H
9




), 8.20 (dd, 1H: H
3
), 8.18 (dd, 1H: H
8




), 2.18 (p, 
2H, H
b'
), 2.07 (p, 2H, H
b
), 1.33 ppm (s, 9H, H
1'
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Understanding the synthesis and properties of the novel 
Pt
II
(phen)(N,N-di(alkyl)-N’-acylthiourea)2 complexes, an unusual 
coordination of N,N-dialkyl-N’-acylthiourea 
 
 




-S,O)]+ complexes (as described in chapter 2) 
revealed the presence of an unknown compound forming in significant amounts. This chapter 
describes the full characterization of this coordination product. It was found that the N,N-
dialkyl-N’-acylthiourea ligands (HLn) tend to coordinate to the platinum (II) metal centre in 
the rare monodentate fashion via the sulphur atom to form neutral PtII(phen)(Ln-S)2 
complexes with a sulphur bound L
n
 denoted as L
n
-S. This phenomenon will be discussed 





-S)2 complexes for N,N-dibutyl-N'-naphthoylthiourea (HL2) and  N,N-diethyl-N'-
benzoylthiourea (HL
4
). The relative tendencies of the N,N-dialkyl-N'-acylthioureas to form 
monodentate sulphur-coordinated complexes with Pt
II
 depends on the structure of the N,N-
dialkyl-N'-acylthiourea. Therefore, a series of selected N,N-dialkyl-N'-acylthioureas with 




-S)2 in particular forms in high 
yields (>90%) and will tested for β-haematin inhibition capabilities, since no bioactivity of 
this novel class of complexes are known (shown in chapter 5). These novel complexes could 
be a new class of bioactive compounds and opens the door for a new class of complexes to be 
studied. 
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-S,O)]+ complexes, where "diimine" refers to 2,2-bipyridine, 1,10-











-S,O)]+ and  [PtII(bipy)(L2-
S,O)]+ were found to have significant lower yields compared to the other acylthioureas 
(>80%) for the deceptively simple synthetic procedure.
1,2
  
The usual mode of coordination of N,N-dialkyl-N'-acylthioureas (Ln) to transition metals is 
a chelate via sulphur and oxygen.4 The mechanism of coordination to PtII and PdII in 
particular is thought to be a two step mechanism whereby the 'soft' sulphur atom coordinates 






 The second step involves the 
coordination of the oxygen donor atom, after deprotonation of the NH group, which increases 
the nucleophilicity of the O
-
 donor resulting in coordination to the metal.
6
 However, evidence 
of this chelate forming in acidic solutions suggests that the chelation effect drives the 
coordination even though the oxygen is considered as a 'hard' donor in the protonated ligand.
7
  
Koch and co-workers have observed an interesting monodentate (through the sulphur 
donor atom) mode of coordination of mono-alkyl-acylthioureas in acidic aqueous solutions.
8,9
  





Scheme 3.1 Intra-molecular hydrogen bonding in mono-alkyl-acylthioureas (H2L) which 
exposes the sulphur for potential coordination to the metal (M). The dialkyl-acylthiourea 
ligands (HL) do not exhibit this hydrogen bonding.
8,9 
Therefore, the mode of coordination of the acylthiourea to the platinum group metals can be 
separated into monodentate coordination through the sulphur donor atom for mono-alkyl-
substituted acylthioureas and chelation for the N,N-dialkyl-N'-acylthiourea ligands.4 
Monodentate coordination of N,N-dialkyl-N'-acylthioureas to PtII and PdII has been observed 













Scheme 3.2 Coordination modes of acylthiourea complexes as a result of intra-molecular 
hydrogen bonding and deprotonation of the amido-proton with the molecular structure of 
trans-PtII(L3)I2 highlighted.10 
Initial ‘activation’ of ligand for coordination occurs by deprotonation of the acylthiourea 
ligand by the shift of electron density towards the oxygen and sulphur which significantly 
increases the nucleophilicity of the donor atoms, ensuring a relatively strong chelating 
capability of the acylthiourea ligands. However, the possibility of monodentate coordination 
of deprotonated N,N-dialkyl-N'-acylthiourea ligands does exist but is rare as observed for 




Figure 3.1 Two crystal structures showing (a) monodentate μ-S bridging of a deprotonated 
N,N-dimethyl-N'-ferocenylthiourea in a Cu(I) cluster and (b) monodentate coordination and 
μ-S bridging of N,N-dimethyl-N'-benzoylthiourea in Cu(II) cluster of [{CuL(HL)Cl}2].11,12 
(Images reproduced from reference 12 and 13)  
(b) (a) 
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Nevertheless a monodentate mode of coordination of deprotonated N,N-dialkyl-N'-
acylthiourea to Pt
II
 has not been observed or studied to date. This relatively rare 
monodentate-S coordination of N,N-dialkyl-N'-acylthioureas to platinum(II)(1,10-
phenanthroline) complexes was therefore investigated.  
 
3.2 Results and discussion 
3.2.1 The first evidence of the formation of PtII(phen)(N,N-dibutyl-N'-
naphthoylthiourea)2 




-S,O)]Cl and [PtII(bipy)(L2-S,O)]Cl as described in Chapter 2 
yielded a crude product, the purification of which was challenging (Figure 3.2). Extensive 










-S,O)]Cl was ultimately accomplished by an interesting third 
phase formation with an attempt by solvent extraction as discussed in Chapter 2 (Section 
2.4.3). Upon addition of water to the organic phase consisting of the crude product in 
acetonitrile and ether, a dark red/orange third phased formed at the bottom of the flask. The 
1
H NMR spectrum of such highly concentrated droplet reveals that the emulsion consists of 




-S,O)]Cl complex. This method of purification 




-S,O)]Cl which was obtained by the formation of a third 
phase emulsion with the addition of water to an ether-acetonitrile solution of the crude 
product. This deep orange-red product separates as a droplet at the bottom of the vial while a 
yellow precipitate is left in the aqueous phase as a suspension; this precipitate contains the 
‘unknown’ products in the synthesis. The 
1
H NMR spectrum of the crude product reveals 
“unknown” peaks indicated by the * in Figure 3.2, which correspond to the yellow precipitate 
in the aqueous phase since the 
1








H NMR spectrum of the 'unknown' product exhibits a doublet at 9.26 ppm, two 
doublets of doublets at 8.46 and 7.55 ppm, and singlet at 7.51 ppm in the aromatic region 
while broad unresolved peaks are observed more upfield (0.800 - 4.00 ppm). These 
‘unknown’ peaks, which were also observed by others
1
, cannot be uncoordinated 1,10-
phenanthroline or L
2
 since the chemical shifts do not correspond to those known for these 
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ligands, but should be a complex in which 1,10-phenanthroline is bound symmetrically to the 
metal Pt
II
. This ‘product’ was not identified by others, since only trace amount was obtained 
as a by-product with no aliphatic proton resonances observable in the 
1
H NMR spectrum. The 
symmetrically bound 1,10-phenanthroline peaks are not consistent with the Pt
II
Cl2(phen) 
starting material and the solubility of Pt
II
Cl2(phen) in chloroform is very low. This complex 
could potentially correspond to a symmetrically bound 1,10-phenanthroline complex with 
two monodentate coordinated N,N-dibutyl-N'-naphthoylthiourea ligands, resulting in broad 
peaks observed in the aliphatic region,  with relatively sharp naphthoyl 
1
H peaks observed in 
the aromatic region. The integration of these peaks suggests two L
2
 ligands to one 
symmetrical 1,10-phenanthroline in this complex. 





acetonitrile (Chapter 2) yields the two coordination products, even when the ligand HL
2
 is not 




-S)2 complex was attempted after 



































-S,O)]+ containing a significant amount of the previously 'unknown' 
Pt(phen)(L
2
-S)2 with the 1H NMR spectrum of the pure [PtII(phen)(L2-S,O)]+ in blue.  
3.2.2 Synthesis and characterization of PtII(phen)(N,N-dibutyl-N'-naphthoylthiourea)2 




-S)2 was accomplished by the addition of a 
suspension of Pt
II
Cl2(phen) in acetonitrile dropwise to 2.5eq. of HL
2
 and 3.5eq. NaOAc in 
acetonitrile, after which the mixture was heated to reflux for 1 hour. An orange powder was 
obtained by the removal of the unreacted NaOAc and NaCl formed during the reaction by 
filtration and removal of the solvent under reduced pressure. The crude product was dissolved 
in dichloromethane and hexane was added (50:50 v/v). The products were separated 
chromatographically using neutral aluminium oxide (Al2O3) as stationary phase and  
* * * * 






* * * 
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dichloromethane/hexane and acetonitrile as mobile phases. The unreacted L
2
 and acetic acid 





-S)2 eluted with 10:90 v/v acetonitrile:dichloromethane. From the 1H NMR 
spectra (Figure 3.3) it is clear that the product obtained is similar to the complex of which the 
1





)2 product is shown in Scheme 3.3 with the nomenclature 
for a sulphur bound L
2














H resonances of the N,N-dibutyl naphthoylthiourea are extremely broad 
(ν1/2 of H
a+a'
 = 107 Hz) and these would probably not be observable in the 
1
H NMR spectra if 
the complex was only present in small quantities.  This may explain the previous oversight by 
others.
6,13
 The broad 
1
H resonances of the alkyl substituents in 1-5 ppm range suggest slow to 
intermediate rotation of the dibutyl groups of the N,N-dibutyl-N'-naphthoylthiourea due to the 
partial double bond character of the N-C bond between the amino nitrogen and the 










Figure 3.3  
1




-S)2 at 25ºC and 50ºC in chloroform-d1.  
 
The well resolved 
1
H NMR resonances of the latter region obtained at 50 ºC integrate for a 
2:1 L
2
 to 1,10-phenanthroline and suggest monodentate coordination of a deprotonated L
2
 
ligand most probably via the S-donor atom. It is reasonable to argue that the coordination 
would be through the thiocarbonyl rather than the carbonyl since platinum is considered a 
‘soft’ metal according to Pearson’s HSAB theory and would prefer the ‘softer’ sulphur atom 
compared to oxygen.
5
 Therefore a tentative assignment of the previously "unknown" 
1
H 





-S)2, where, L2-S refers to a monodentate sulphur-coordinated N,N-


























H NMR resonances in the 5-12 ppm spectral region corresponding to a symmetrically 
coordinated 1,10-phenanthroline were identified by comparison of the relevant coupling 








 consecutively. Interestingly, the base of 
the signal assigned to H
2+9
 is significantly broadened, suggestive of unresolved 
195
Pt satellites 
as a result of the CSA relaxation at this high magnetic field strength (14 Tesla) as discussed 
in Chapter 2 for other Pt
II
(phen) complexes.  
By inspection one of the three triplet-like resonances represented as H
3'/6'/7'
 could be 
assigned to H
3'




. The complete 
assignment of the L
2
 protons could not be done without 
1
H correlation spectroscopy (COSY) 
to obtain the necessary coupling partners. The COSY experiment was optimised for the 
typical 
3J proton couplings (5-8 Hz) and only cross-peaks were observed for the aromatic 
protons with no correlations in the latter because of dynamic motion (Figure 3.4). 
The 
1
H NMR assignment of a symmetrically bound 1,10-phenanthroline is confirmed by 
the COSY spectra (Figure 3.4), with the most downfield proton previously assigned as H
2+9
 
showing a strong correlation to the resonance assigned H
3+8
 and a weak cross-peak observed 
to the protons labelled H
4+7
. Furthermore, the resonance H
4+7
 shows a strong correlation to 
H
3+8
, while the correlation to H
2+9
 is weak due to the 4 bond distance between the nuclei. As 
expected from the singlet resonance labelled H
5+6
, no coupling is observed in the 
1
H NMR.  
The aromatic protons of the coordinated L
2
 clearly show two separate ring systems, with the 
most upfield proton (6.19 ppm) showing strong coupling to the two protons at 8.41 (doublet) 
and 6.60 ppm (triplet-like multiplet) and additional weak coupling to the doublet at 7.00 ppm. 
This coupling pattern suggests a coupling system of 4 non-equivalent protons which should 
correspond to the protons labelled H
5'-8'
 in the naphthoyl moiety.  
The ChemDraw Ultra Edition software was used to aid the complete assignment of the 1H 
NMR spectrum; while these calculations are not always accurate, large difference in the 




 due to their very different position in the ring system is expected 
(Figure A.16). The calculations are based on empirically estimated effects of various 
substituents on the chemical shift of basic fragments/skeleton structures. The most downfield 
doublet in this set of H's could be assigned to H
8'















 (1.46 ppm) is almost identical to the experimentally obtained value (1.41ppm).  
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-S)2 in chloroform-d1 with only the 
















-S)2 in chloroform allowed for the 
assignments of all aromatic protons while the broad aliphatic protons could be assigned using 
the multiplicity (J-coupling) and integration of the 1H resonances of PtII(phen)(L2-S)2 at 50ºC 
(Figure 3.3). The integration of the broad resonances observed indicate that the peaks at 3.76, 
1.82 and 1.44 ppm correspond to 8 H's each, with the resonance at 1.01 ppm integrating for 
12 H's. The most downfield resonance is significantly separated from the others as a result of 
the electron withdrawing effect of the amino-nitrogen and is assigned to H
a+a'
. The resonance 
integrating for 12 H's could be unambiguously assigned to H
d+d'
. These assignments were 
consistent with the calculated values and assignment shown in Figure A.16.  However, the 
assignment of the remaining two resonances at 1.82 and 1.44 ppm could not be made with 
confidence using the calculated chemical shifts since the difference is predicted to be only 




 are expected to be a 
pentet and a sextet respectively if only first order coupling is observed. The broad peaks were 
well resolved when the temperature was increased from 25 to 50ºC, as shown in Figure 3.3. 





 respectively. Figure 3.5 shows the full assignment of the 
1













































-S)2 in chloroform. Figure 3.6 shows the APT obtained with the 
methine (CH) and methyl (CH3) signals positive and the quaternary (C) and methylene (CH2) 
signals negative. The information from the 
13
C APT spectrum leads to the assignment of the  
-CH3 group of the butyl moieties (C
d+d'
), the most downfield -CH2- to  C
a+a'













-S)2 with the methine (CH) and (CH3) signals positive 
and the quaternary (C) and (CH2) signals negative. The part of the spectrum highlighted in 
blue is expanded to clearly show all peaks in this region.   




H} NMR spectrum of the uncoordinated HL
2
 in chloroform 




-S)2 as shown in Figure 3.7 is helpful to understand the 
13
C NMR spectrum of the complex. With the assignments of HL
2
 known from literature,
1
 it is 
possible to identify the minor impurity to be uncoordinated L
2




H} NMR spectrum 
of the complex shown in Figure 3.7. Furthermore, the known assignment of HL
2
 was used to 




-S)2 as shown in Figure 3.7. The two isolated 








H} NMR spectrum 
of HL
2
 and the 
13





























-S)2 in chloroform-d1. 
The carbonyl and thiocarbonyl were assigned based on the line width of the resonances, 
difference in hybridisation of the two groups in the monodentate complex as well literature 




 The line width of the thiocarbonyl is greater 
than the carbonyl as a result of two quadrupolar nitrogens bonded to the thiocarbonyl carbon 
which shortens the relaxation time and results in broadening. Furthermore, this broader peak 







C2 / C1a 
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 upon coordination of the sulphur which 
would result in shielding of the thiocarbonyl carbon. The carbonyl carbon exhibits significant 
deshielding which suggests more double bond character of the carbonyl and greater chemical 
shift anisotropy. 
However, there are some 
13
C peaks which could not be assigned with only the 
13





-S)2 and 13C{1H} NMR assignments of HL2 necessitating the use of  hetero-













C HSQC (Heteronuclear Single Quantum Coherence) sequences.  
The HSQC sequence has to a large extent replaced the earlier HETCOR sequence due to 
its superior sensitivity. The HETCOR sequence is also known as C,H COSY (Correlation 
Spectroscopy) and is weak in sensitivity due to the observed nuclei being 
13
C with a very low 
natural abundance (1.1%) and a receptivity 5870 times lower than that of 
1
H. In contrast, the 
HSQC or H,C COSY is the reverse of HETCOR by first generating phase coherence in the 
channel corresponding to the insensitive nuclide (
13
C) and then transferring the coherence to 
the sensitive nuclide (
1
H) which is then observed.
15
 The enhancement gained from the 
polarisation transfer during the experiment is proportional to the ratio of the gyromagnetic 
ratios of the nuclide from which the polarisation is transferred over the gyromagnetic ratio of 
the observed nuclide (γC/γH). However, for the preferred HSQC experiment the enhancement 
is significantly lower with the enhancement 0.25 compared to 4 times for the 'normal' 
13
C 
detected HETCOR. The advantage of detecting the more sensitive nuclide together with the 
lower enhancement effect due to the effect of the gyromegnetic ratios of the two nuclides 
results in a total sensitivity gain of a factor of 2 for the HSQC (reverse) experiment over the 
HETCOR (normal) experiment with the corresponding time shortening of a factor of 4.
15
 The 
information gathered from the two experiments is similar with the advantage of higher 
sensitivity and thus shorter acquisition times.  




C correlations to assign 








-S)2 (Figure 3.8). With all 
the assignments of the 
1




-S)2 known, all the carbon atoms 
directly bonded to one or more hydrogen atoms could be readily assigned by correlating the 
1
H resonance to the corresponding 
13
C resonance cross-peaks. Cross-peaks were observed for 
all 
1
H resonances, indicating that the GHSQC experimental were correctly optimised and that 
enough transients were collected. The correlations between the butyl H's and C's of L
2
 could 
be observed (Figure 3.8), which confirmed the previous assignments of these carbons.  
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-S)2 showing the 1H and 13C correlations 
in chloroform-d1 with (a) the aromatic region and  the aliphatic region of the plot. 
H7' H6' H3' H
5' 
H5+6 

















Furthermore, the negative cross-peaks (in blue) observed for the CH2 carbons and  positive 
cross-peaks (in red) observed for the CH3 and CH groups is indicative of the evolution period 
in the experiment set as the inverse of the scalar (J) coupling constant. 
 

















-S)2 could be completely 
assigned. The full assignment of all 
13
C resonances is shown in Figure 3.9 while the minor 




H} NMR spectrum correspond to unreacted L
2
. A list of all 13C 










-S)2 in chloroform-d1 









































































































The effect of an increase in temperature on the 
1





investigated from 25 to 109ºC. For this temperature investigation the solvent system was 
changed from the chloroform-d1 used in the characterization to dimethyl sulfoxide-d6 since 
the boiling point of chloroform-d1 is only 61ºC while dimethyl sulfoxide d6 is a liquid 
between 20 and 190 ºC. The 
1




-S)2 in dimethyl sulfoxide-d6 
(Figure 3.10) exhibits a similar intermediate exchange phenomenon for the butyl H's of L
2
 as 
observed in chloroform-d1 (Figure 3.3). The temperature was increased systematically, with 
the corresponding 
1
H NMR spectra stacked in Figure 3.10. 
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Figure 3.10  
1








H NMR resonances of the butyl chains of L
2
 sharpen significantly as the 
temperature increases, while the aromatic protons display no significant change in line-shape. 
This is indicative of the change from an intermediate exchange process to a fast exchange 
system with respect to restricted rotation around the C-N bond of the carbon of the 



































 were carefully studied by a line-fitting procedure using the Line Fitting 
capabilities of the MestreNova NMR processing software to obtain accurate line widths for 
the broad/unresolved 
1
H multiplets at low temperatures. The fits to the experimental data as 
well as the errors and fitting parameters are shown in Figure A.17 and A.18 in the appendix.  
 
 




 showing (a) sharpening of the 




-S)2 in dimethyl sulfoxide-d6 









































































Interestingly the line width at 25ºC is significantly lower for H
d+d'
 (19 Hz) compared to H
a+a'
 
(107 Hz). This marked difference in line-width can be rationalised on the basis of H
a+a'
 being 
close to the site where rotation is restricted (Figure 3.11) whereas H
d+d'
 is 5 bonds away. This 
restricted rotation is presumably the result of π-back donation of the amino-nitrogen into the 








-S)2 in dimethyl sulfoxide-d6 (Figure 3.10) exhibits 
significant temperature dependence of the chemical shifts of the aromatic protons, while 








 were the 
most sensitive towards a change in temperature with the chemical shift difference (Δδ) for 
temperatures 25 and 109ºC being ΔδH
2
 = 0.152 ppm, ΔδH
7'
 = 0.217 ppm and ΔδH
8'
 = 0.216 
ppm. The chemical shift temperature dependence of all aromatic protons is shown in Figure 
3.12.  
 
Figure 3.12  
1








H chemical shifts are normally affected by changes in solvent polarity and 
density/viscosity with temperature, the significant temperature dependence observed cannot 
be accounted for solely by changes in solvent characteristics. This could suggest self-
aggregation or possible intra-molecular association/interactions in dimethyl sulfoxide 
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-,S,O)]+ complexes in acetonitrile solutions were postulated to be 
due to non-covalent dimer formation.
1





self-associates and forms non-covalent outer sphere complexes with the polyaromatic 
hydrocarbon fluoranthene (C16H10) in acetonitrile, presumably through cation-π and aromatic 
π-stacking interactions.
16





drastically with the addition of D2O to the solution and ultimately results in the formation of 
nano-aggregates in pure D2O; this will be discussed in detail in Chapter 4. The polarity of the 
solvent has a drastic effect on the possibility and the extent of aggregation of charged or 








-S)2 complex is formally uncharged it may be capable of inter- or 
intra-molecular aromatic-π stacking interactions in polar solutions since the complex consist 
of a 1,10-phenantroline ligand and two naphthoyl moeieties of L
2
 which amounts to a total of 
7 aromatic rings. It is expected that the inter- or intra-molecular hydrophobic interactions 





-S)2  is significantly less in chloroform-d1 solutions (Figure 3.3) 
compared to dimethyl sulfoxide-d6 solutions for the temperatures 25 and 50ºC.  
The 
1




-S)2 at 4 different concentrations in chloroform-d1 was 
obtained during the course of the study and set out to examine the extent/possibility of self-
association of this complex.  
 
3.2.3.2 The concentration dependence of the 1H NMR spectrum of PtII(phen)(N,N-
dibutyl-N'-naphthoylthiourea)2 
The change in 
1





-S)2 is 2.58 times higher (~3.4 mM) than the lowest concentration (~1.3 mM), 
but is significant for a concentration 87 times (~112 mM) the lowest concentration (Figure 
3.13). However, the stacked spectra in Figure 3.13 are from different synthesis batches and 
were obtained over a period of months and were not obtained from serial dilution as seen 
from the impurities present in the 
1
H NMR spectrum of N = 2.58. 






 is 0.396, 0.232 
and 0.136 ppm over this concentration range respectively while the other protons exhibit 
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significantly less chemical shift concentration dependence with Δδ < 0.05 ppm. Interestingly, 
the aliphatic protons of L
2
 exhibit no significant change in chemical shift with an increase in 





stacking in solution (i.e. aliphatic chains not directly involved).  
 
Figure 3.13  
1




-S)2 of different concentrations in 
chloroform-d1 with N the normalized concentration relative to the lowest concentration (~1.3 
mM).  
With the chemical shift trends observed it is reasonable to postulate an average aggregate 
structure which could account for the marked difference in chemical shift concentration 





-S)2 would be limited to dimer aggregates in chloroform and higher-order 
Ha+a' 






























-S,O)]+ is known to form only dimer aggregates in solution. Scheme 3.4 shows 
the proposed non-covalent dimers in solution which could account for the chemical shift 
trends observed, in which the protons of the 1,10-phenanthroline exhibit marked chemical 









-S)2 in chloroform which could 
account for the chemical shift concentration dependence observed.  





-S)2 in chloroform (Scheme 3.4), is expected to result in increased shielding of 
the corresponding phen H's from the external magnetic field resulting in an upfield shift in 
the 
1
H NMR resonances as the equilibrium shifts toward more dimer formation. The driving 
force for such a postulated aggregation would be a favourable offset aromatic-π stacking 
interaction proposed by Hunter and Sanders in their study of porpyrin aggregation.
18 
However, with the limited experimental evidence, the formation of dimer aggregates is only 
speculative at present. A detailed study of the chemical shift and diffusion coefficient 
concentration dependence at various temperatures is required to which the appropriate 
aggregation models could be fitted to account for the experimental trend observed and is 
subject for future study.  
3.2.3.3 The effect of lower temperature on the 1H NMR spectrum of PtII(phen)(N,N-
dibutyl-N'-naphthoylthiourea)2 in CDCl3 
The effect of temperature on the 
1




-S)2 in chloroform-d1 
was investigated (Figure 3.14). Interestingly, the broad aliphatic protons separate into two 
sets of signals while the multiplicity becomes better resolved with a decrease in temperature, 
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contrary to the aromatic protons which exhibit broadening as the temperature was decreased. 
The increase in the line-width of the aromatic protons could be due to previously proposed 
aggregation/intra-molecular interactions and/or as a result of an increase in the relaxation 
time of the respective protons due to slow molecular tumbling (long τc) at lower 
temperatures. Aggregation of phen H's is expected to result in an increase in τc, while the 
butyl H's probably are more freely rotating. This then accounts for the observed line-widths, 
assuming a dipole-dipole mechanism under these conditions.  
 
The narrowing of the butyl 
1
H resonances as the temperature decrease (Figure 3.14) is a result 
of the previously discussed restricted rotation around the thiocarbonyl carbon and the amino 
nitrogen (discussion of Figure 3.11). The transition from one broad signal to two well 
resolved multiplets as the temperature decreased is indicative of the transition from an 
intermediate- to a slow exchange system. Estimation of the rotational energy barrier is 
typically done using approximations by Gasparro and Kolodny and commonly used in 
dynamic NMR studies.
19
 Gasparro and Kolodny have used these approximations in the 
determination of the rotational barrier in N,N-dimethylacetatmide with results for the energy 
of activation, Ea = 17 kcal.mol
-1
, closely comparable to the results obtained by Reeves et al. 




With two exchanging resonance frequencies νA and νB merging into one single peak and the 
decrease in line-width, the rate constant of the exchange/rotation, k, could be approximated 
several ways (Scheme 3.5).
19
 The distinct features of an exchanging process on the NMR 
spectra are a change in chemical shift (Δδ) and a change in line width of the resonances. The 
line width at half-peak height, (Δν)1/2, is easy to measure if the resonance signals are simple 
singlets or perfect first-order multiplets. However, this is rarely the case and the extraction of 
reliable (Δν)1/2 values from real NMR data remains challenging. The use of the intensity (I) to 
calculate the rate constants in accordance with equation 2 in Scheme 3.5, was not desirable 
since baseline correction drastically influenced the results obtained.  
 
In contrast to the difficulty in accurate determination of (Δν)1/2 and I, the chemical shift can 
easily be obtained accurately and the peak separation was consequently used to calculate the 
rate constants (k) using equation (1) in Scheme 3.5.  
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Figure 3.14  
1
























H7' H6' H3' H5' 
H5+6 













Scheme 3.5 Representation of the approximations for calculating the rate constant in a 
dynamic NMR experiment with Δν0 the difference in the frequency of A (νA) and B (νB) with 
no exchange, Δνe the difference in the frequency with exchange, (Δν)
0
1/2  the peak width at 





Equation (1) of Scheme 3.5 is only valid for slow to intermediate exchange (peak overlap < 
20%) and was used to calculate the rate constants for the rotation around the bond between 
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 and Equation (1) in Scheme 3.5. 
T (ºC) T  (K) Δνe (Hz) k (s-1) 1/T (x10-3 K-1) ln(k) 
5.9 279.1 49.7 125.7 3.58 4.834 
-3.4 269.7 57.8 107.3 3.71 4.676 
-12.8 260.4 59.8 101.8 3.84 4.623 
-22.1 251.0 61.3 97.1 3.98 4.576 
-31.5 241.7 63.4 90.5 4.14 4.505 
-40.9 232.3 66.3 79.3 4.31 4.373 
-50.2 222.9 69.1 66.6 4.49 4.198 
 
The Arrhenius plot of ln(k) vs T-1 can be used to estimate the activation energy (Ea) of the 
process from the derivation of the Arrhenius Equation: 
    
 
  
   
 
 







where, A denotes a pre-exponential factor which represents the total number of collisions per 
second, kB Boltzmann constant and R the universal gas constant. 
 
Figure 3.15  Arrhenius plot for the rotation around the thiocarbonyl and amino nitrogen 











If a linear trend is fitted to the data shown in Figure 3.15, the R
2
 = 0.966 with the 
corresponding energy of activation Ea = 5.2 kJ.mol
-1
, which is significantly less than the 
rotational barrier in N,N-demethylacetamide (Ea = 71 kJ.mol
-1
). This is expected since the 






-S)2 should display significantly less π-
back-donation from the amino nitrogen to the thiocarbonyl since the thiocarbonyl changed to 
a single C-S bond or at most a partial C-S double bond. Therefore, with the single bond 
character of the C-S bond, the π anti-bonding orbitals of the 'thiocarbonyl' are absent in the 
monodentate coordinated ligand. However, the newly formed double bond between the 
amino nitrogen to the C(S) carbon would have π anti-bonding orbitals into which the amino-
nitrogen could to some extent donate its lone pair of electrons.  
 
The Arrhenius plot clearly deviates from linearity in a specific manner which suggests that 
the rotation about the bond between the thiocarbonyl carbon and the amino-nitrogen is not the 
only process that influences the chemical shift and line-width of H
c+c'
. It is reasonable to 
postulate additional reactions/processes in solutions to account for the deviation in the 
Arrhenius plot which could be possible self-association and/or intra-molecular interactions 










 (Figure 3.14) also exhibit additional 'separation' of the broad 





-S)2 and the proposed intra-molecular association interactions 




-S)2 in solution but were 
out of the scope of this study.    
 
 
3.2.4 Crystal structure of PtII(phen)(N,N-dibutyl-N'-naphthoylthiourea)2 
Crystals suitable for single crystal X-ray diffraction analysis were obtained for a column 




-S)2 in acetonitrile confirming the previously proposed mode 
of coordination of L
2
 (Figure 3.16). The crystal and structure refinement data are shown in 
Section 3.4, and the CIF file is given on the electronic Appendix C, accompanying this thesis.    
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-S)2 and the stacking of PtII(phen)(L2-S)2 in the crystal lattice 
along the c axis. 
The crystal structure reveals interesting intra-molecular interactions where two monodentate 
coordinated L
2
 ligands are bent in such a way that the naphthoyl moieties 'sandwich' the 
chelated phen ligand of the square planar complex (Figure 3.17). 
 
 
Figure 3.17  Offset aromatic-π stacking between the 1,10-phenanthroline ligands in the 





The naphthoyl moieties exhibit aromatic-π stacking interactions with the phen ligand in the 
characteristic offset manner proposed by Hunter and Sanders.
18
 Furthermore, it is evident 
from the crystal packing arrangement (Figure 3.16), the individual intra-molecular 'π-stacked' 
complexes do not π-stack to adjacent molecules to form linear chains of π-stacking but rather 
form individual intra-molecular associated complexes perpendicular to one another.  
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-S)2 were postulated earlier to partially account for the temperature dependence 
of the aromatic H's chemical shifts in the 
1




-S)2 discussed in 
Section 3.2.3. These hydrophobic interactions are common and become more important in 
polar solvents. The crystals were obtained from acetonitrile containing naturally high levels 
of water since the solvent was not dried and the crystallization solution was open to air. This 
polar environment is believed to be necessary for the π-stacking interaction observed. A 
similar intra-molecular association could exist in solution, accounting (at least partially) for 
the deviation from linearity of the Arrhenius plot (Figure 3.15). Selected bond lengths, 
distances and angles are summarised in Table 3.3 with the atom numbering from Figure 3.18. 









-S)2 (Table 3.3). The 











Table 3.3 Selected bond lengths, angles, torsion angles, plane angles and distances in the 










 phen-pl 3.244 
C24 
…























O4=C3-N26 < S1-Pt-S4 13.48º 
O5=C49-N1 < S1-Pt-S4 11.55º 
N9-Pt-N10 < S1-Pt-S4 2.42º 
*
Ct1-Ct2 < phen-pl 5.5º 
*
Ct3-Ct4 < phen-pl 15.2º 
PT1-S3 2.2837(2)  
PT1-N9 2.0566(2)  
PT1-N10 2.0554(2)  
PT1-S1 2.3002(2)  
S3-C18 1.7783(2)  
C18-N26 1.2962(1)  
S1-C47 1.7809(2)  
N8-C18 1.3522(1)  
C3-O4 1.2246(1)  
C24-C49 1.520(2)  
C3-C21 1.5285(2)  
C3-N26 1.3741(2)  
O5-C49 1.2334(1)  
N1-C47 1.2874(1)  
N1-C49 1.3596(2)  
C47-N3 1.3623(1)  
*Ct is centroids generated from the following carbons: Ct1=( C12,14,21,17,20,1), 
Ct2=(C13,14,12,19,33,42) Ct3=(C6,24,36,35,40,50) and Ct4=( C6,11,39,44,45,50). 
Interestingly, the two sulphur-coordinated L
2
 ligands exhibit similar interactions with the 
phen ligand with a marked difference in the angle of the π-stacking of the naphthoyl moieties 
with phen. The naphthoyl with centroids Ct1 and Ct2 is nearly parallel to the plane created by 
the atoms of the phenantroline (Ct1-Ct2 < phen-pl = 5.5º) compared to the naphthoyl ligand 
with centroids Ct3 and Ct4, which π-stacks with an angle of 15.2º. The distances between the 





respectively. These two significantly different π-stacking modes are stable interactions as 
suggested by a theoretical study of various modes of π-stacking of benzene with fluoranthene 
by Kobayashi and co-workers.
21
  
They have calculated the optimum angle for π-stacking for this system to be 4º; one of the 
naphthoyl groups displays a 5.5º angle. Furthermore, they have calculated the offset geometry 
to be the energy minimum configuration of π-stacking which is also consistent with our 
findings. The bond lengths of the two ligands do not differ substantially (< 0.015 Å) with the 
only other major difference being the orientation of the naphthyl relative to the carbonyl 
measured as a torsion angle of O=C to the naphthyl group. The in-plane geometry of the 
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aroyl group is commonly known to be the stable and more common conformer if no sterical 
interference/effects change the free energy of this conformation.
22
 However, the L
2
 exhibiting 
a more parallel stacking interaction displays a smaller torsion angle between the naphthyl and 
the carbonyl groups (-6.97º) compared to -17.36º for the other π-stacked naphthyl group. The 
geometry of the Pt coordination sphere is slightly distorted from the ideal square planar 
geometry with 2.42º difference in the angle between two planes created by the phen nitrogens 





-S)2, trans-PtII(L2-S,O)223 and HL2 are shown in Table 3.4. 




-S)2, trans-PtII(L2-S,O)2 and 
HL
2





Bond:  PtII(phen)(L2-S)2   trans-PtII(L2-S,O)2  [23]  HL2  [24] 
 
 Å  Å  Å 
Pt-S  2.292(2)   1.75(2)   
C=O  1.229(1)  1.28(3)  1.215(3) 
C-S  1.780(2)  1.75(2)  1.662(2) 
N-C(O)  1.367(2)  1.30(2)  1.376(4) 
N-C(S)  1.129(1)  1.36(1)  1.420(4) 
(S)C-N(R2)  1.357(2)  1.34(3)  1.320(4) 





-S)2 (2.292(2) Å). This could be a result of the trans-complex having less 










-S)2 > HL2. This is expected since the C=O bond in the free ligand would be 
almost a formal double bond while the monodentate complex is expected to exhibit 
longer/weaker C-O bond resulting from deprotonation of the ligand. The trans-PtII(L2-S,O)2 
complex on the other hand would have mainly single bond character for C-O upon 
coordination as reflected in the 0.065 Å increase in bond length compared to that of HL
2
.  




-S)2 is very short (1.129(1) Å) indicating the 
double bond character expected for this bond from the monodentate S-coordination. This is 
significantly shorter than N-C(S) of trans-PtII(L2-S,O)2 and HL2 (1.36(1) and 1.420(4) Å 
respectively). This order is reversed for the N-C(O) bond length with trans-PtII(L2-S,O)2 
having the shortest N-C(O) ; consistent with a shift in electron density towards the O atom to 
allow for coordination to Pt. 
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3.2.5 Probing solution interactions using the Nuclear Overhauser Effect  




-S)2 is typically done in polar solvents. As discussed earlier, the 
synthesis was most successful in methanol. The intra-molecular aromatic π-stacking 




-S)2 is expected to also be 





water/acetonitrile mixtures which will be discussed in the next chapter. Furthermore, if this 
aromatic π-stacking interaction occurs in solution, it is expected to contribute to the stability 
of the aroyl complexes which will be absent in the unstable pivaloyl complexes. NOE 
experiments were conducted to investigate this phenomenon. The information obtained from 
such an NOE experiment allows for the assignment of nuclei that are close in space. 
ROESY and NOESY1D experiments were attempted, with the best results obtained using 
the NOESY1D setup. For the NOESY1D experiment, the resulting 
1
H enhancements as a 
result of the NOE of another 
1
H nucleus that is close in space are monitored. The off-
resonance irradiated spectrum is subtracted from this NOE enhanced 
1
H NMR spectrum and 
the resultant spectrum displays the saturated peak as a negative signal while the other peaks 
observed correspond to nuclei close in space, i.e. experiencing the NOE.   
To have a better understanding of this phenomenon, consider a simple two spin system A 
and X which represents two 
1
H resonances having no scalar (J) coupling interaction (Figure 
3.19). 
 
Figure 3.19  Changes in the population ratios in an NOE experiment. With (a) the initial 
equilibrium populations and (b) the populations when the two A transitions of equal energy 
are saturated.
15
 The different energy states are labelled N1-4 while α and β are the two spin 






































C or any other two nuclides, but in our case the basic 
principles of NOE will be discussed in terms of two non-coupled 
1
H resonances which 
represents the NOESY1D experiment performed by us.
15
 When the nuclear spins A and X are 
close in space, they have a direct magnetic dipole-dipole interaction. This interaction affects 
the energies of the spin states of this two-spin system in a manner shown in Figure 3.2. 
The transitions between states N1 ↔ N3 and N2 ↔ N4 are the spin transitions of nucleus A, 
while those between N1 ↔ N2 and N3 ↔ N4 are those of nucleus X. These transitions are 
spectroscopically allowed and are observed as singlets for the resonance of A and X in an 
NMR experiment. 
In the NOE experiment the transition of spin A is saturated which alters the populations of 
the energy states, N1'-4' in Figure 3.19b. The population of the spin states before (Figure 
3.19a) and after selective excitation of A (Figure 3.19b) are indicated by the thickness of the 
bars; the thicker the bar (grey and black), the greater the population. The population 
contributions which have been transferred from N1 → N3 and N2 → N4 as a result of the 
selective excitation of A are indicated by light grey bars. At the stage immediately after the 
excitation of spin A, the population differences N1' - N2' and N3' - N4' are equal to the 
equilibrium differences N1 - N2 and N3 - N4 and the enhancement is not observed 
immediately. However, the system tries to restore the new populations (N1-4') to the thermal 
equilibrium populations (N1-4) through various relaxation processes indicated by W in Figure 
3.19b with W1X and W1A the single quantum transition while W0 and W2 are zero and double 
quantum transitions respectively. W1X and W1A are observed spectroscopically and are 
typically a result of spin-lattice relaxation (T1). W0 and W2 however, are spectroscopically 
forbidden but are allowed in relaxation and are typically related to dipole-dipole interactions.  
The relaxation times of W1X and W1A (T1 = several seconds) are much longer than the 
relaxation indicated by W0 and W2 (< 1 sec). The relaxation via W2 results in a larger 
difference in N1' - N2' and N3' - N4' which determines the intensity of the X-transitions. It 
follows that W2 leads to an enhancement effect while W0 has the opposite effect by 
decreasing the population difference between the X-transitions. The mixing time which 
represents the time for the two coupled spins to interact, is optimised in a NOE experiment to 
have the maximum NOE effect with either W0 or W2 dominating in the specific conditions of 
the NOE experiment. The magnitude of the contributions of W0 and W2 determines whether 
the intensity increases, decreases or is zero (W0 = W2). 
The relaxation through W0 and W2 is mostly dependent on the rotational correlation time, 
τc, (molecular tumbling) which is dependent on many factors including molecular size and 
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solvent viscosity.  For small molecules and low viscosity solvents τc is short and W2 
dominates while W0 dominates for macromolecules, resulting in negative NOEs.  




-S)2 in methanol-d4 were conducted to probe 
intra-molecular aromatic π-stacking interactions in solution. A temperature dependence study 
(-8.1 to 43.7 ºC) of the 
1




-S)2 in methanol (Figure A.21) was 
conducted to determine which temperature displays the appropriate interactions for the NOE 
experiment. No significant changes were observed for the temperature dependence and 25 ºC 
was used for the NOESY1D experiments. The resulting 
1











 are shown in Figure 3.20. Strong NOE enhancements were observed 
for the nuclei 3 bonds away from the saturated nuclei. However, we are interested in long 
range NOEs between nuclei that are close in space without J coupling to each other. A small 
NOE was observed for H
5+6


















-S )2 in methanol-d4 at 25ºC. Mixing time 
was 500 ms, nt = 64, increments = 1024.   
















No NOE was observed for H
5+6




 which suggests that the small 
peak observed is not an artefact. The NOE correlations are proof of the naphthoyl and phen 
moieties to be close in space (< 5Å) which can only be if they exhibit significant π-stacking 
interactions. Therefore, it is reasonable to argue that the aromatic-π stacking interaction does 





-S)2 present in the synthesis of [PtII(phen)(L2-S,O)]+.     




The possibility of other N,N-dialkyl-N'-acylthiourea ligands to coordinate in a monodentate 
fashion via the sulphur atom was investigated. The effect of the different groups on the 
acylthiourea is believed to influence the coordination behaviour due to potential weak non-
covalent interactions, steric and electronic structure effects. The following structural 










-S)2 complexes with 
the abbreviations from Chapter 2 used (Table 2.1). 
With the ligands chosen, the difference in aroyl and pivaloyl functionality would be apparent 












The initial synthesis involved addition of 4 equivalents of ligand to platinum(II) precursor, 
Pt
II
(phen)Cl2, with 3.8 eq. NaOAc (sodium acetate) as base in acetonitrile (solvent). 




-S)2 complexes were obtained for the aroylthioureas in 
Scheme 3.6. The reactions were repeated with a ligand ratio of 2.02eq relative to 
Pt
II
Cl2(phen) with no significant effect on the yields. However, NaOAc is only sparingly 
soluble in acetonitrile and the reactions were also carried out in methanol which completely 
dissolves the NaOAc. The yields of the coordination products for the reaction of 2.02 eq HL
n
 
in acetonitrile and methanol are shown in Table 3.5. 





Cl2(phen) in acetonitrile and methanol.  
Ligand 
 Acetonitrile Synthesis  Methanol Synthesis 
 PtII(phen)(Ln-S)2  [Pt
II(phen)(Ln-S,O)]+  PtII(phen)(Ln-S)2  [Pt
II(phen)(Ln-S,O)]+ 
 
 90%  10%  100%  0% 
 
 75%  25%  99%  1% 
 
 
 60%  40%  100%  0% 
 
 
 0%  100%  9%  91% 
 
 10%  90%  60%  40% 
Yields were determined using 1H NMR spectrum of the reaction mixture in a mixed deuterated dimethyl 
sulfoxide/acetonitrile solvent system and are not isolated yields. 
Interestingly, all the aroylthioureas in Scheme 3.6 have the bis-monodentate complexes as the 
major product. The pivaloylthioureas form little of this coordination product while the 
cationic complex is the only product for L
1
 in acetonitrile. It is also clear that the formation of 











Methanol is therefore the preferred solvent for the formation of the bis-monodentate complex 
which could be attributed to the high solubility of  NaOAc in methanol.  
The solubility of the base is postulated to be important since the conjugate acid (acetic 
acid in this case) is soluble in acetonitrile, presumably affecting the amount of ligand which 
will be deprotonated. However, changing the base to tri-ethylamine did not have a significant 
effect on the yield of the bis-monodentate thiourea complexes in acetonitrile. Therefore, the 
higher yields in methanol were attributed to the stronger hydrogen bonding capabilities of 
methanol which could stabilize the oxygen atom and prevent its coordination to the Pt.  
Furthermore, the 1D NOESY experiments revealed the intra-molecular π-stacking present 
in methanol as shown in Figure 3.20. Such intra-molecular interactions could result in 




-S)2  complex. All attempts to 
observe this intra-molecular interaction in chloroform using NOE experiments were 
unsuccessful. Therefore, a more polar solvent (like methanol) is believed to be necessary for 










-S,O)]+ which will be discussed in the next chapter. 




 was attempted which have 
a chlorine and methoxy group in the para position of the acylthiourea (respectively). The 





-S)2 and 79% for PtII(phen)(L6-S)2. The aroylthiourea mixtures are 
stable while the pivaloylthiourea samples were only stable for a few hours after which they 
turned dark brown. Figure 3.21 shows the 
1





S,O)]+ and PtII(phen)(L1-S)2 from the synthesis in methanol.  
  
 
Figure 3.21  
1







Cl2(phen) was reacted.  
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-S)2 complex is very unstable and several attempts to isolate this product 




-S)2 complexes of the aroylthioureas were isolated 
from the reaction mixtures. First attempts were made by extracting the monodentate complex 
in ether since the cationic chelate complex is only sparingly soluble in ether. However, this 
method proved to be inefficient since the cationic complex was always present and 
significant amounts of free ligand. The purification was ultimately done using 
chromatography with Al2O3 as stationary phase. The use of SiO2 was abandoned since the 
cation complex is too strongly retained on the silica gel and could not be removed from the 
column. Neutral aluminium oxide was found to be an excellent choice for this purpose since 
less polar solvents eluted the monodentate complexes while the cationic complex elutes with 
the addition of methanol.  The procedure for purification includes removal of the reaction 
solvents since these (acetonitrile/methanol) are too polar. The reaction solvent mixture was 
first removed using a rotavap. The solid mixture was then re-dissolved in dichloromethane 
and the insoluble NaCl and NaOAc filtered off. Petroleum ether was added before loading 
onto the column. The free ligand, conjugate acid (acetic acid/triethylamonium chloride) and 





-S,O)2]+ and the desired PtII(phen)(Ln-S)2 were retained on the column. These 








-S)2 is shown in Figure 3.23 with assignments. The 
aromatic region displays resonances of a symmetrically coordinated phen ligand similar to 









-S)2 spectrum. The benzoyl protons could be assigned based on the relative 
integrals and multiplicities of the three sets of signals. Broad resonances are observed for the 
diethyl protons with the broad triplet assigned to H
b+b'
 and broad peak at 3.75 ppm to H
a+a'
. 
These assignments are consistent with the integrals of the resonances. 









-S)2 complex crystallised with the crystals obtained not being single. The 




-S)2 is shown in Figure 3.23. 
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Figure 3.22  
1




-S )2 in a mixture of deuterated dimethyl 
sulfoxide and acetonitrile. 
 




-S)2 and the asymmetric unit. 
The structure postulated and deduced using 
1





be confirmed with the SCXRD data (Figure 3.23). The crystal and structure refinement data 
are shown in Section 3.4 and the CIF file is given on the electronic Appendix C, 


























-S)2 in the crystal lattice with (a) along the a axis 
and (c) the view along the c axis. The offset aromatic-π stacking between the 1,10-




-S)2 is shown in (b) and (d). 
 
The crystal packing (Figure 3.24) shows interesting intermolecular aromatic π-stacking of the 




-S)2 complexes to form an infinite stack (Figure 3.24a) 
of two different sets of parallel stacked molecules (interaction indicated by A and B) with 
these sets π-stacking by interaction C (Figure 3.24c). The aromatic π-stacking is again in an 
offset manner with half of the phen associated on each sides of the planar ligand (Figure 
3.24d). Similar aromatic stacking interactions have been postulated earlier to explain the 




-S)2 in chloroform-d1 (Scheme 3.4). Selected bond 





















-S)2 for Table 3.6. 
The encircled structure is a different view of the adjacent molecular structure to show all 
atom numbering in the two views with the phenyl numbering 1-4 used Table 3.6. 
Table 3.6 Selected bond lengths, angles, torsion angles, plane angles and distances in the 





Bonds: Å Bonds: Å  Distances: Å 
C69 
…
 phen-pl 4.314 
C62 
…






















N1-Pt1-N5 < S5-Pt1-S7 9.30º 
N2-Pt2-N4 < S4-Pt2-S6 11.67º 
*
A phen-pl < phen-pl 0.00º 
PT1-S5 2.2800(7) N24-C41 1.3495(5)  
PT1-S7 2.2808(8) C12-N14 1.3348(5)  
PT1-N1 2.0620(7) N17-C75 1.3587(5)  
PT1-N5 2.0505(7) N6-C5 1.3536(4)  
PT2-S4 2.2836(7) N21-C41 1.3187(5)  
PT2-S6 2.2790(6) N21-C53 1.3608(5)  
PT2-N2 2.0633(6) N7-C12 1.3118(4)  
PT2-N4 2.0528(6) N7-C6 1.3409(6)  
S5-C41 1.7459(6) N38-C66 1.3511(6)  
S7-C12 1.7551(8) N38-C75 1.3165(4)  
S4-C75 1.7511(8) N3-C8 1.3311(5)  
S6-C5 1.7386(7) N3-C5 1.3220(5)  
O6-C53 1.2392(4) C6-C3 1.5189(4)  
O4-C6 1.2335(4) C66-C69 1.5224(5)  










O1-C8 1.2409(4) C35-C8 1.4925(5)  
 
*
C phen-pl < phen-pl 5.57º 
*
B phen-pl < phen-pl 0.00º 
Ph(1) < phen-pl (Pt1) 63.14º 
Ph(2) < phen-pl (Pt1) 61.88º 
Ph(3) < phen-pl (Pt2) 60.33º 
Ph(4) < phen-pl (Pt2) 50.81º 
*A, B, and C indicates two 1,10-phenanthroline stacking as shown in Figure 3.24. ** The distance of the two 
closest atoms of the corresponding planes generated from all the atoms of the phen ligand. Figures A.24 and 
A.25 contain more images with measured angles and distances to clarify the nomenclature used.  
The aromatic π-stacking of the 1,10-phenanthroline moieties show two parallel stacked 
interactions with gap A and B as shown in Figure 3.24c  (0.00º angle with distances 3.215 
and 3.333 Å for A and B respectively). The sets of parallel stacked molecules are connected 
by an π-stacking interaction with an angle of 5.57º and the closest point 3.006 Å. 
Interestingly, this angle is almost identical to the π-stacking angle of 5.50º observed for the 




-S)2 and the 4º predicted by 
by Kobayashi and co-workers for related systems.
21





S)2·H2O are compared to PtII(phen)(L2-S)2 and their free ligands HL4 and HL2 (Table 3.7). 














-S)2·H2O and PtII(phen)(L2-S)2. 
Bond avg: Å  PtII(phen)(L2-S)2  PtII(phen)(L4-S)2·H2O  HL2 [24]  HL4 [25] 
Pt-S  2.292(2)  2.281(8)     
Pt-N  2.056(2)  2.057(7)     
C-O  1.229(1)  1.238(4)  1.215(3)  1.219(1) 
C-S  1.780(2)  1.748(8)  1.662(2)  1.677(1) 
N-C(O)  1.367(2)  1.346(6)  1.376(4)  1.387(1) 
N-C(S)  1.129(1)  1.317(6)  1.420(4)  1.418(2) 
(S)C-N(R2)  1.357(2)  1.349(5)  1.320(4)  1.326(1) 
C(O)-Ar  1.524(2)  1.510(5)    1.495(2) 
Torsion angles:  
 
      
O-C-C-
*
Ar1  -6.97º  -15.53º     
O-C-C-
*
Ar2  -17.36º  -21.68º     
Plane angles:  
 
      
N-Pt-N < S-Pt-S  2.42º  10.49º     
Ar < phen-pl  5.50º  56.35º     
Ar2 < phen-pl  15.20º  61.74º     
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-S)2 and PtII(phen)(L4-S)2. This is 
expected since the bond character changes dramatically from carbonyl and thiocarbonyl in 
the ligands to more single bond character upon coordination to the metal centre. The average 
C-N bond length of the ligands and complexes shown in Table 3.7, consistent with a partial 
C-N double bond since all C-N bonds of the ligands are shorter than the average C-N single 
bond (1.472(5) Å).
26 









-S)2·H2O, apart from the water of crystallization and the π-stacking of the phen, 
is the N-C(S) bond length, stacking angles of the aroyl to phen planes and the tortion angle of 




-S)2 is significantly shorter 









-S)2 is more distorted (10.49º) compared to PtII(phen)(L2-S)2 (2.42º) 
which is closer to the 0.00º ideal square planar angle between the planes created by N-Pt-N 




-S)2 π-stack much more 




-S)2 (Ar < phen-pl = 5.50º compared to 56.35º). The 
benzoyl groups also show a larger torsion angle between O-C-C-Ar1 (-15.53º) compared to 
the naphthoyl group (-6.97º).  
3.2.7 Ligand characteristics/effect on synthesis and stability  




-S)2 complexes were observed. 











) formed stable bis-monodentate complexes as the only 





NMR, IR Spectroscopy and SCXRD data in an attempt to establish the relationship between 
stability and structure. It was previously mentioned that intra-molecular aromatic π-stacking 
interactions as a possible stabilizing factor for the stability observed for the aroylthioureas. 
Electronic effects due to the distinctly different properties of an aryl and the 
t
butyl 





H} NMR spectrum is believed to give an indication of the different chemical 
environments of the carbonyl and thiocarbonyl, providing insight in the electronic structures 












 are shown in 
Figure 3.26. 
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 in chloroform-d1. 
Interestingly, distinct differences are observed for the two groups of ligands (pivaloyl and 
aroyl). The resonance of the carbonyl carbons of the aroylthioureas are shifted more than 9 













 of the pivaloylthioureas have 




H} NMR chemical shifts as well as FT-IR 
data and bond lengths from crystal data are summarised in Table 3.8.  








C NMR (ppm)  FT-IR (cm
-1
)  bond lengths (Å) 
[24,25,27,28,29] 
 C=O C=S  C=O
 




  165.3 179.3  1680  1.215 1.662 - 1.420 
 












  174.5 180.0  1653  1.222 1.668 1.540 1.321 
No systematic differences were observed for the carbonyl stretching frequencies for the series 











longer/weaker bond for the pivaloyl ligands. This is expected to be a result of the inductive 
effect (+I) of the tbutyl group which pushes the electron density towards the carbonyl carbon 
through the σ-bond C-C(O). Furthermore, this bond is also longer for the pivaloylthioureas 
which is consistent with the carbonyl carbon bonded to a sp
3
 carbon compared to a sp
2
 carbon 
for the acylthioureas. The N-C(S) bond on the other hand is shorter for the pivaloylthioureas 









H} NMR spectra of the various ligands.  
 
Interesting electronic resonance structures were calculated for various HL
n
 ligands by 
Mengstu and co-workers.
30





















 concerning the 




The resonance is significantly more shifted towards the sulphur atom for HL
2
 with a total of 




 The mesomeric effect of the aromatic substituent on 
the magnetic shielding of the carbonyl carbon needs to be considered since it is not possible 
for the 
t
butyl group. The pivaloyl group only exhibits an inductive effect which is positive, 
while the aroylthioureas have a mesomeric as well as an inductive effect on the carbonyl 
functionality. The mesomeric structures of the aryl group are shown in Figure 3.28.  
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Figure 3.28  Proposed mesomeric effect of the naphthoyl moiety of HL
2
. 
Pople and co-workers have shown that the planar configuration of substituted benzoyl is the 
most stable configuration as a result of a positive mesomeric (+M) effect while the sp2 
hybridization of the aromatic carbon leads to a negative inductive effect (-I).22 They have also 
concluded that the carbonyl is more stabilised by aromatic substituents compared to methyl 
and other sp3 carbon groups. This is consistent with what was observed experimentally; the 
carbonyls are close to co-planar of the aromatic moieties which allows for extensive 
resonance of the conjugated π-electrons of the aryl and carbonyl in the aroyl functionality.  
 
The steric effect of the relatively bulky naphyl group compared to 
t
butyl would significantly 
influence the chelation of the oxygen since the conformation drawn in Figure 3.28 is also 






-S)2 and trans-PtII(L2-S,O)2. The 
naphthoyl group is almost flat with the naphthyl pointing in the same direction as the 
carbonyl C=O bond which allows for a weak hydrogen bonding between H
8
' and the carbonyl 
oxygen to form a favourable six membered ring as shown in Figure 3.28. 
3.3 Conclusions 




-S)2 complexes was successfully synthesised, the 
first example of these types of complexes. The monodentate sulphur coordination of 
deprotonated N,N-dialkyl-N'-acylthioureas is extremely rare with only HL4 known to 







-S)2 complexes could be synthesised in high yields (>90%) for complexes with 
aroylthioureas while the pivaloylthioureas seem to be unstable, formed in markedly lower 
yields <60%. 
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-S)2 exhibits significant chemical shift concentration 
dependence in chloroform-d1 which is consistent with coplanar π-stacking of the 1,10-





-S)2 in chloroform-d1 and dimethyl sulfoxide-d6 suggests a 
combination of self-association and/or intra-molecular π-stacking between the naphthoyl 
moiety of L
2
 and 1,10-phenanthroline.  




-S)2 and PtII(phen)(L4-S)2 which showed 
interesting intra-molecular π-stacking interactions, consistent with the NMR concentration 





-S)2 complex are 'clipped' around the bound 1,10-phenanthroline ligand to form 
favourable offset π-stacking interactions. This intra-molecular π-stacking interaction between 




-S)2 were attributed to the occurrence and stability of this 





only 1 mole equivalence of HL
2
 to Pt. The existence of this intra-molecular π-stacking could 
be confirmed, which is believed to stabilise this complex significantly in methanol solutions, 
using 1D-NOESY data. 









-S)2 which hydrogen bonds to the benzoyl-oxygen atom of one of 
the coordinated L
4
 ligands. Furthermore, intermolecular π-stacking interactions between the 
bound 1,10-phenanthroline ligands of neighbouring complexes are observed which is similar 




-S)2 in chloroform.  
The carbonyl and aromatic group of the acylthiourea in the crystal structures are co-planar, 
suggesting extensive delocalization of the electron density between the two groups. This is 




H} NMR chemical shifts of the ligands as well as the crystallographic 
C-O bond lengths. 
The aromatic moiety withdraws electron density from the carbonyl group as a result of the 
inductive effect of the sp
2
 hybridisation (-I) in contrast to the positive mesomeric effect 
(resonance) which results in shielding of the carbonyl carbon as the π-electrons is shifted 
towards the oxygen. This is consistent with the carbonyl chemical shifts in the free ligands 























Empirical formula  C52 H58 N6 O2 Pt S2 C36 H36 N6 O2 Pt S2, C36 
  H38 N6 O2 Pt S2, 2(H2O) 
Formula weight  1058.25 1725.88 
Temperature (K)  100 100 
Wavelength (Å)  0.71073 0.71073 
Crystal system  Orthorhombic Triclinic 
Space group  Pca21 P-1 
Unit cell dimensions (Å, º) a = 32.089(5)  13.203(6)  =  102.474(5) 
 b = 10.5036(15)  14.849(7)  =  108.801(5) 
 c = 13.786(2)  19.502(9)  =  94.644(5) 
Volume (Å) 4646.6(12) 3487(3) 
Z  4 2 
Calculated density (g cm
-3
) 1.513 1.644 
Absorption coefficient (mm
-1
) 3.158 4.189 
F000 2152 1724  
Crystal size (mm
3
) 0.12  0.17  0.28 0.08 x  0.12 x  0.28 
 range for data collection () 1.9 to 28.9 1.4 to  25.1 
Reflections collected 28874 33590 
Independent reflections 10255 [Rint = 0.030] 12306 [Rint = 0.065] 
Data / restraints / parameters 9243 / 0 / 572 8821/0/901 
Final R indices [I2(I)] R1 = 0.0222, wR2 = 0.0456 R1 = 0.0429, wR2 = 0.1006 
Largest diff. peak and hole (e Å
-3
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complexes studied by 
1
H DOSY NMR and TEM: from ‘dimer aggregates’ 
in acetonitrile to nano-aggregates (‘metallogels’) in water 
 
 
Results of this chapter have been published in Dalton Transactions 2013 (Appendix B) 
 
 





S,O)]+ complexes in solution. This behaviour illustrates the tendency of these cationic 





-S,O)]+ complexes to be β-haematin inhibitors via relatively strong 





-S,O)]+ will be studied in D2O:CD3CN mixtures ranging 
from pure CD3CN to D2O only, towards understanding the non-covalent self-association 





S,O)]+ in D2O will also be shown. Finally, the hetero-association of [PtII(diimine)(Ln-S,O)]+ 
complexes with pyrene (C16H10), will be studied by 
1
H and DOSY NMR spectroscopy, as a 
crude model for complex/haematin interaction, since haematin is paramagnetic and could not 
be studied by NMR spectroscopy. 
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The ‘self-association’ of transition metal complexes, which display biological activity of 
potential pharmaceutical use, has been the subject of extensive interest in the last decade 
since their detailed physiochemical behaviour particularly in aqueous solution may have 






 Our interest in the chemistry of planar, 
cationic mixed-ligand Pt
II





diimine is 2,2-bipyridine or 1,10-phenanthroline and HL
n
-S,O are various chelating N-acyl-
N,N-dialkylthioureas), arises from their interesting biological activity ranging from potential 
anti-malarial activity,
6
 to DNA-intercalation and demonstrable in vivo activity toward 
bacterial E. coli AB1886 (uvr A) cultures.
7
 It was previously shown that [Pt
II
(2,2’-
bipyridyl)(N,N-di(2-hydroxyethyl)-N'-benzoylthiourea)]Cl undergo interesting DNA-
templated ‘biomineralization’.
8
 The in vitro anti-malarial activity of [PtII(diimine)(Ln-S,O)]+ 
is postulated to arise by inhibition of β-hematin formation (synthetic haemozoin or malaria 





forming moderately strong outer-sphere aggregates with ferriprotoporphyrin IX, as can be 
demonstrated in 40% aqueous dimethyl sulfoxide (DMSO) solution, possibly through non-
covalent cation-π interactions.
6
 Moreover the 
1
H NMR spectra of the series of cationic 
[Pt
II
(diimine)(N,N-di(n-butyl)-N’-benzoylthiourea]+ complexes (as PF6- salts where diimine = 
1,10-phenanthroline, 4,7-diphenyl-1,10-phenanthroline, 2,2-bipyridyl, 4,4-di-tert-butyl-2,2-
bipyridyl and 4,4-dimethyl-2,2-bipyridyl) in acetonitrile at room temperature show 
significant concentration dependence, consistent with the formation of non-covalent dimer 
aggregates 2M
+








This concentration dependence of the 
1
H NMR chemical shifts can be used to estimate the 
association constants of such an aggregation process, while the relative spatial orientation of 
the molecules undergoing non-covalent association may be inferred from the extent of the 
relative changes in 
1














-S,O)]Cl) in acetonitrile showed that in 




-S,O)]+ complexes to 
result in dimer aggregates 2M
+





cation certainly forms non-covalent hetero-aggregates with aromatic molecules such as 
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fluoranthene (F) corresponding to M
+
 + F ⇌ M+F in acetonitrile, with an estimated 




 Moreover, in water-rich acetonitrile 
solutions the 
1




-S,O)]+ become progressively broader as 
the relative amount of water increases. This corroborates observations of extremely broad, 
almost featureless 
1






These interesting NMR spectra suggest formation of larger nano-scale aggregate 
structures in water of such cationic complexes,
14
 the detailed nature of which has not been 
established to date. 
 




-S,O)]+}2 dimer aggregate in 
solution based on 
1
H NMR shielding trends as a function of concentration. 




-S,O)]+ cations in 
acetonitrile/water mixtures ranging from pure acetonitrile to pure water by means of the 
concentration dependence of the 
1
H NMR and Diffusion Ordered Spectroscopy (DOSY) 
techniques, supplemented by Transmission Electron Microscopy, to elucidate the nature of 
these phenomena and the structure of the nano-aggregates which appear to form in water is 




-S,O)]+ and polyaromatic hydrocarbon 
pyrene was also investigated using 
1
H and DOSY NMR.  
 
1
H Diffusion Ordered Spectroscopy is a suitable technique for studying aggregation 
behaviour in solution since diffusion coefficients, which are very sensitive towards changes 
in the molecular/aggregate size, while the number of individual molecules which constitute 
an aggregate may be approximately estimated using the Stokes-Einstein equation.
15,16
 The 
aim is to mimic the biological media in which such complex cations may be active, 
particularly in the context to their potential anti-malarial activity in vitro and/or in vivo.17 
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4.2 Results and discussion 








H NMR chemical shift concentration dependence trends obtained in pure acetonitrile 
and 10% (v/v) D2O:CD3CN (Figure 4.1a), as well as diffusion coefficients obtained by 
DOSY NMR (vide infra) of [PtII(phen)(L1-S,O)]Cl can satisfactorily be accounted for by 










-S,O)]+ as demonstrated previously for related complexes.9,13 However, by 
increasing the water content in these solutions, the 
1





-S,O)]Cl concentration at 299.3 K become significantly broader as shown for 








-S,O)]+ showing the chemical 





S,O)]+ in solutions containing (a) 10% (v/v) D2O:CD3CN (0.3 – 26.4 mM, 299.3K) and (b) 
D2O (0.3 – 25.0 mM, 309.6K) 
Moreover, all the 
1
H NMR peaks of the diimine moiety of the platinum complex show 
relatively larger upfield chemical shift displacements (peaks become more shielded) as the 





-S,O)]+ for a given acetonitrile/water mixture. Since only one set of resonance 
signals is observed in the 
1





under any conditions, these complexes are probably in fast to intermediate exchange on the 
NMR timescale for the temperature range of 267.1 to 309.6 K. The relative upfield 









-S,O)]+ cation are significantly more pronounced compared to the 1H NMR 
Stellenbosch University http://scholar.sun.ac.za




signals of the N-acyl-N,N-dialkylthiourea moiety with increasing concentration (Figure 4.1a) 
and increasing water content of the solvent mixture (Figure 4.1b).  
The relative changes of δobs(H
2/9





S,O)]Cl increases from 0.34 - 10.3 mM are significantly larger in pure D2O compared to 
acetonitrile (Δ
max
δMeCN = 0.28 ppm to Δ
max
δD2O = 0.41 ppm). Similar trends have been 
reported for the related [Pt
II
(diimine)(N,N-di(n-butyl)-N’-benzoylthiourea]+ cation (Figure 
A.36).
14
 The experimental trends of δobs(H
2





concentration in solutions up to 30% (v/v) D2O:CD3CN at various temperatures are shown in 
Figure 4.2. Non-linear least squares fitting of the experimental δobs(H
2
) data to a dimer 
aggregate model 2M
+






-S,O)]+) results in excellent agreement , 
allowing for estimated KD ( RSDmax < 13%) values in 0, 10, 20 and 30% (v/v) D2O:CD3CN 
shown in Table 4.1 in a temperature range 282.6-309.6 K. 
 
 
Figure 4.2 Excellent agreement between the dimer model least-squares fits and the 
experimental (symbols) chemical shift dependence of the 1,10-phenanthroline H
2
 proton a 




-S,O)]Cl in (a) 0:100 (b)10:90, (c) 20:80 and (d) 30:70 
(v/v) D2O:CD3CN mixtures. (Calculated monomer and dimer chemical shifts available in 
Appendix A) 
Stellenbosch University http://scholar.sun.ac.za




Standard reaction enthalpy (∆rH
0
) and entropy (∆rS
0
) values were estimated by fitting the 
Van't Hoff equation 4.1 to the temperature dependent KD data resulting in the Van’t Hoff 
plots shown in Figure 4.3; the good linear plots of lnKD vs 1/T are consistent with only a 
dimer 2M
+
 ⇌ {M+}2 equilibrium and rule out other possible competing association processes 
or equilibria, such as ion-pairing and/or higher order aggregate formation for these solvent 









-S,O)]+ in solutions 0-30% 
(v/v) D2O:CD3CN.  
The increase in KD by a factor of 4 - 5 as the solvent composition is changed from pure 





-S,O)]+}2 is clearly favoured with increasing water (D2O) content, as might be 




 ⇌ {M+}2, is clearly enthalpy driven (∆rH
0
 < 0) while a negative standard 
reaction entropy (∆rS
0
 < 0) is consistent with an aggregation/association process (Table 
4.1).
18
 Interestingly the enthalpy of the dimer formation (∆rH
0
) decreases somewhat on 
passing from pure acetonitrile (∆rH
0
 = -25.1 kJ.mol
-1















)ln(        (4.1) 
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) mixture, after which the reaction enthalpy remains essentially constant within 
experimental error for 20 and 30% (v/v) D2O:CD3CN solutions.  
By contrast the ∆rS
0
 becomes systematically less negative as the D2O content increases, 
Table 4.1. Doty and Myers attributed similar trends in ∆∆rS
0
 for dimerization of protein 
moieties, to the dehydration of charged groups upon aggregation, while Kauzmann and 
Scheraga suggested that this trend may be due to non-covalent hydrophobic interaction of 





 It is thus reasonable to postulate that the trends in ∆∆rS
0
 observed in 
this study may be attributed to the “hydrophobicity” of the coordinated 1,10-phenanthroline 
moiety, the effects of which become more significant as the solvent polarity increases with 









-S,O)]+ in 0-30% 
(v/v) D2O:CD3CN solutions as calculated from 
1



























0 309.6 12 ( 1)    
 299.3 17 ( 2) -25.1 ( 3.1) -61 ( 11) -7.0 
 291.6 22 ( 2)    
 282.6 29 ( 3)    
10 309.6 20 ( 2)    
 299.3 27 ( 3) -19.7 ( 2.4) -40 ( 7) -8.0 
 291.6 33( 3)    
 282.6 41( 5)    
20 309.6 29 ( 3)    
 299.3 39 ( 4) -20.1 ( 2.5) -38 ( 7) -8.6 
 291.6 43 ( 4)    
 282.6 64 ( 7)    
30 309.6 54 ( 5)    
 299.3 71 ( 8) -18.9 ( 2.3) -27 ( 5) -10.4 
 291.6 87 ( 9)    












H) trend differences for 
1
H peaks of the 1,10-phenanthroline moiety as compared to 
butyl and N-pyrrolidyl 1H signals of [PtII(phen)(L1-S,O)]+ as a function of concentration and 





-S,O)]+ cations in a dimer (Scheme 4.1) in these solutions up to 30% (v/v) 
D2O/CD3CN as previously postulated in pure acetonitrile.
9,13
 The two planar complex cations 
interact with one another through cation-π interactions in a characteristic ‘offset’ stacking 
configuration consistent with the model proposed by Sanders et al 24 in their study on the 
nature of “π-stacking interactions” based on porphyrin-porphyrin aggregation. The observed 




 protons of the 





4.2.2 Aggregation behaviour of [PtII(phen)(L1-S,O)]Cl in water-rich mixtures 
>30% (v/v) D2O:CD3CN. 
In water-rich acetonitrile mixtures (> 30% (v/v) D2O:CD3CN) significantly broader 
1
H NMR 
resonances are observed for all the 
1





-S,O)]+ (Figure 4.1), eventually resulting in poorly resolved 1H NMR spectra 
compared to solutions < 30% (v/v) D2O:CD3CN. Additionally, the even more pronounced 









concentrations, suggests increased aggregation or large scale aggregates in solution. The 
application of a simple dimer 2M
+
 ⇌ {M+}2 model to the experimentally observed 
1
H NMR 
shielding trends fails to account for these satisfactorily, particularly as the water content of 
the solvent increases to pure D2O.  
 
The significant line-broadening of 
1
H NMR peaks in D2O may be associated with a 
decrease in the T2 relaxation times as estimated from 
1
H NMR peak width at half-height 












  (4.2) 
Where, T2(∆B0) refers to the contribution of the magnetic field in homogeneity to the observed 
line-width. The measured 
1
H NMR resonance half-height (Δυ1/2) of the H
2/9
 resonances in 
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-S,O)]+ increases from 0.9Hz in pure CD3CN to 18Hz in pure D2O at constant 
temperature. The extremely pronounced 
1
H NMR broadening observed for 
[Pt
II
(diimine)(N,N-di(2-hydroxyethyl)-N'-benzoylthiourea)]Cl (Figure A.36) in D2O,  and an 
inverse dependence of line-width on temperature
14
, undoubtedly indicates that whatever the 
nature of the aggregate structure(s) formed in aqueous solution must have significantly larger 
average molecular weights.
27
 The increase in line-width (fast T2) observed with increasing 
D2O content is postulated to be a result of the formation of nano-sized aggregates by non-
covalent intermolecular interactions; these nano-sized aggregates are expected to have longer 










-S,O)]+ complex concentration in D2O (due to the chemical shift anisotropy 
(CSA) phenomenon) illustrated by the data in Figure 4.4 for several temperatures due is 









Figure 4.4 The 
1







concentration in D2O at temperatures 299.3, 309.6, 319.9, and 331.5 K. (Note: The dotted 
lines are aids for trend visualization.) 
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Despite our best efforts, the 
1
H shielding trends in D2O and water rich solutions (> 30% (v/v) 
D2O:CD3CN) could also not be satisfactorily accounted for by a simple or even higher order 
aggregation models such as trimer-, tetramer formation etc. Therefore, a multiple aggregate 





S,O)]+}nCl-y, (n and y variable but > 2) similar to a model proposed for procyanidin 
aggregation in a wine-like medium described by Pianet et al is proposed.29 This aggregation 
model is illustrated in Scheme 4.2.  
 
 




-S,O)]Cl in aqueous solutions 
consisting of two major equilibrium processes with (a) an accumulative aggregation with Ki 
the respective association constant corresponding to the i
th
 monomer associating to the 
aggregate and (b) the formation of nano-sized aggregates after a specific critical aggregation 
concentration (CAC). 
The experimental NMR data in D2O is consistent with the model described in Scheme 4.2, in 





-S,O)]+ cations results in dimer aggregates, which however eventually lead to 




-S,O)]+}nCl-y structures via an unspecified number of 
sequential equilibria (Ki+1), as the total complex concentration increases; (b) above a certain 




-S,O)]+, which may for convenience be termed a 
‘critical aggregation concentration’ (CAC), similar to the well-known critical micelle 
concentration (CMC),
 
larger nano-sized aggregate structures appear to form with concomitant 
ion-pair formation by Cl
-
 ions to offset excessive positive charge build-up as a result of the 















-S,O)]+ against 1/[M]T 




-S,O)]Cl concentration) results in two quasi-linear regions (Figure 
4.5), the intercept of such lines gives an estimate of the critical aggregation concentration
30,31
 









-S,O)]+ increases with temperature as may be expected given that the 
aggregation process is enthalpy driven (ΔrH
0
 < 0), suggested by data in Table 4.1.  
 
 
Figure 4.5 The observed 
1
H chemical shift of H
2
 at temperatures 299.3 - 331.5 K against 




-S,O)]Cl concentration in D2O. The expansions and 
extrapolations of the 
1
H NMR chemical shift concentration dependence of all temperatures 
are displayed in Figure A.37. (Note: The dotted lines are aids for trend visualization.) 
 
Table 4.2 Estimated critical aggregation concentrations (CAC) in D2O from concentration 
dependence δobs(H
2
) data at various temperatures, as well as diffusion coefficient (Dobs) 
dependence on concentration at 299.3K. 
Temperature (K) 299.3 309.6 319.9 331.5 
δ, CAC mM 9.6 ( 0.6) 12.0 ( 0.7) 13.9 ( 0.9) 14.9 ( 0.9) 
D, CAC mM 10.3 ( 1.5)    
δ log plot, CAC mM 11.5    
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Luchetti and co-workers have determined CAC using the general mass action law model 








where n is the aggregation number, Ka the equilibrium constant and M and A are the 




-S,O)]Cl respectively. The simplest expression 
for the observed chemical shift of an aggregating system which displays one set of signals 
due to fast exchange in chemical shift on the NMR time scale is given by equation 4.5. The 
chemical shift of nuclei in the monomer δM and aggregate δA can be estimated using δobs 





S,O)]Cl concentration. The aggregation number n, which represents the number of molecules 
in an aggregate can be determined from equation 4.6 obtained by combining equations 4.4 
and 4.5: 
δobs = xMδM + xAδA    (4.5) 
 
log[M]T(δM - δobs)} = n log[M]T(δobs - δA)} + log(n Ka)} + (1 – n) log(δM – δA)         (4.6) 
 
where, X represents the mole fraction of the species. If the aggregation is correctly described 
by equation 4.6, a plot of log{[M]T(δM - δobs)} versus log{[M]T(δobs - δA)} should exhibit a 
linear relationship with the slope equal to the aggregation number n. Interestingly, the plot of 
log{[M]T(δM - δobs)} versus log{[M]T(δobs - δA)} with δobs the observed chemical shift of H
2
, 
displays two linear regions (see Figure 4.6). 
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Figure 4.6 Plot of equation 4.6 of H
2
 in acetonitrile-d3. 
The presence of two linear portions is an indication of at least two aggregation equilibria in 
solution with the slopes of the two regression lines equal to the aggregation numbers of these 
equilibria. For the lower concentration range n = 1.97 and the higher concentration n = 6.5 - 
8.2. The intersection of the two regression lines would be the concentration where the 
equilibrium changes from presumably dimerization to a higher aggregation equilibrium (ca. 8 
molecules in an aggregate);
30
 a reasonable critical aggregation concentration of 11.5 mM was 
obtained for the data at 299.3 K. However, the validity of using the simple aggregation model 
(eq. 4.3) is not evident since the chemical shift of H
2
 in a dimer aggregate is not expected to 
be equivalent to the H
2
 chemical shift of a higher aggregate and the aggregation process is not 
likely to be isodesmic as the electrostatic potential will increase with the addition of more 
monomers to the aggregate. Furthermore, equation 4.5 would need additional terms to 
compensate for the difference in chemical shift of the two or more aggregated states as shown 
by equation 4.7,  
 
δobs = xMδM + xDδD + xAδA + ..... xAi δAi             (4.7) 
 
where xM, xD  and xAi are the mole fractions and δMδD and δAi the chemical shifts of 
molecules in the monomer, dimer and i
th
 aggregate form respectively. Since the number of 
aggregation equilibriums in solution is unknown, the observed chemical shift δobs can 
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comprise of many terms making calculations extremely complicated and impractical at this 
stage. 
 
4.2.2.1 Effect of chloride ion concentration on [PtII(phen)(L1-S,O)]+ aggregation in 
water.  




-S,O)]+ complexes to form dimer {M}22+ 





-S,O)]+}n in water is likely to result in electrostatic positive charge build-up. 





:cation ratio may be expected to stabilize and/or affect the formation of larger 
aggregate structures in D2O. This is confirmed by the significant shielding induced in the 
δobs(H
2









-S,O)]+ (below the CAC) with addition of NaCl, increasing the effective [Cl-] 
from 10.5 to 346.7 mM, as illustrated in Figure 4.7a, corresponding to a Cl
- 
: cation ratio of 
ca. 2 to 77. The dependence δ(1H) on NaCl concentration in D2O is shown in Figure 4.7b. 
 
Further increases to a Cl
- 
: cation ratio of > 80, leads to precipitation of a yellow solid from 
solution. The upfield shift of δobs(H
2/9
) as a result of increasing the Cl
- 
: cation ratio cannot be 
solely due to ionic strength increases since the corresponding 
1
H NMR chemical shifts of the 
butyl and N-pyrrolidyl protons are comparatively small compared to those of the diimine 
protons, while the residual solvent peak and the signals of any minor impurities in the 
1
H 
NMR spectrum remain essentially unaffected over the titration range. These trends suggest 




-S,O)]+}nCl-y become larger (n,y increase) or are 
at least stabilized with increasing Cl
- 
: cation ratio, until precipitation from solution occurs, 
akin to the well-known “salting-out” phenomenon. 
Thus in water, or at least in water-rich acetonitrile mixtures above 30% (v/v) D2O/CD3CN, 



































Figure 4.7 Variation of (a) δobs(H
2
) and (b) all 
1
H resonances as a function of Cl
-
 




-S,O)]Cl concentration [Z] = 4.50 mM and a final Cl- 

















4.2.2.2 Diffusion Ordered NMR Spectroscopy 
A semi-quantitative estimate of the effective number of complex cations (n) which constitute 
the proposed nano-sized aggregate structure, would lend convincing support to this model. 
The translational diffusion of such aggregates in solution should depend significantly on their 
effective ‘size’ as suggested by the concentration dependence of 
1
H NMR shielding data.  
The diffusion coefficient is a measure of the natural diffusion of a molecule in solution. This 
can be estimated by measuring the attenuation of the NMR signals in a pulsed field gradient 
experiment as shown in Figure 4.8. 
 
Figure 4.8 Attenuation of the 
1




-S,O)]Cl in acetonitrile-d3 
during a typical DOSY experiment with increasing gradient strength (0.0107-0.449 G.m
-1
). 
The attenuation of the resonance signal can be explained by a derivation of the Stejskal-
Tanner equation and the diagram shown in Scheme 4.3.
25
  The pulsed-field gradient 
experiment (PFGE) can be explained by considering two molecules of different sizes A and B 
with A being the smaller of the two which diffuses faster (i.e. greater distance) than B during 
the same diffusion delay Δ. In the simplest case, the experiment consists of two pulsed field 
gradients (PFGs) which are the exact inverse of each other and the diffusion delay Δ 










way and because the second PFG is the inverse of the first, the magnetisation will be 





Scheme 4.3 Graphical representation of the diffusion of two hypothetical molecules A and   
B during the diffusion delay Δ. The signal intensity during a PFGE is defined by a derivation 
of the Stejskal-Tanner equation (right). 
 
However, the local magnetic field is spatially dependent because of the field gradient (Gz) 
that is used. Therefore, a molecule that diffuses after the diffusion delay between the two 
gradient pulses will experience a different local magnetic field when the second PFG is 
applied which leads to only partial refocusing of the magnetization, resulting in the 
attenuation of the resonance signal. The signal attenuation follows an exponential decay as 
illustrated in Figure 4.8 and is a function of the magnetic gradient pulse amplitude/strength 
(G) and the diffusion coefficient (D) as shown by the equation in Scheme 4.3. A least-squares 
fit of this equation to the attenuation of the signal intensities allows for the calculation of the 
diffusion coefficients which is displayed as a two-dimensional plot with the 
1
H NMR 











    DGT
I0 = signal intensity with no gradient 
D = diffusion coefficient 
∆ = diffusion delay  
δ = duration of gradient pulses 
γ = magnetogyric ratio 
G = different gradient amplitudes  
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Figure 4.9  
1




-S,O)]Cl in acetonitrile-d3. (∆ = 30 ms, δ = 2 
ms, G = 0.0107-0.449 G.m
-1
) 
All resonance signals belonging to the same molecule exhibit diffusion coefficients that are 




-S,O)]+, HDO and CHD2CN have 




-S,O)]+ < CHD2CN < 
HDO. This can also be intuitively seen from the attenuation spectra (Figure 4.8) where the 





-S,O)]+ is still observed. 
 





-S,O)]+ at 299.3 K in D2O and the NaCl titration data are shown in Figure 4.10 
































-S,O)]Cl diffusion coefficient (Dobs) and average aggregation 
number (N) (N = VH/VH0) as a function of [PtII(phen)(L1-S,O)]Cl concentration in pure D2O. 
(b) The effect of Cl
-





(concentration indicated as [Z]) and the calculated average number of molecules (N) with nCl-






-S,O)]+ in D2O. 
 
Table 4.3 Variation of δobs(H
2
) and Dobs of a 4.5 mM [PtII(phen)(L1-S,O)]Cl solution as a 
function of  NaCl concentration with the calculated hydrodynamic radii (rH), volumes (VH) 
and aggregation numbers (N). 
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1 7.95  1 1.70 11.9 7060 7.0 
3.32 7.84  2.33 1.43 14.2 11904 11.8 
5.65 7.74  4.66 1.23 16.5 18660 18.5 
7.97 7.69  8.15 1.05 19.4 30503 30.3 
10.30 7.69  10.8 0.96 21.1 39221 39.0 
12.53 7.65  18.3 0.80 25.4 68242 67.8 
14.94 7.64  29.1 0.69 29.5 107824 107 
25.35 7.59  43.0 0.63 32.3 140543 140 
38.80 7.57  50.6 0.61 33.4 155640 155 
58.02 7.56  61.4 0.58 34.9 177484 176 
77.88 7.57  
     
 
Table 4.4  Diffusion coefficient (D) concentration dependence data, calculated hydrodynamic 
radii (rH) and average aggregation numbers (N), with N = VH/VH0 where VH is the volume 
calculated from rH and VH
0

























76.08 0.36 56.1 739692 735 
59.72 0.52 39.1 250561 304 
45.14 0.61 32.9 148577 148 
28.84 0.85 23.7 55532 55.2 
17.31 1.14 17.7 23345 23.2 
11.54 1.35 14.9 13818 13.7 
9.230 1.47 13.7 10708 11.1 
6.922 1.55 13.0 9120 9.06 
4.615 1.67 12.1 7335 7.29 
3.462 1.77 11.4 6182 6.35 
2.307 1.84 10.9 5458 5.42 
1.154 2.05 9.84 3990 4.08 
0.721 2.16 9.34 3415 3.39 
0.481 2.42 8.32 2415 2.40 
0.337 2.59 7.76 1961 1.95 
0a 3.24 6.22 1007 1 
a
 Extrapolated to infinite dilution using the Dobs vs. 1/[M]T plot 
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A single exponential decay function fits the attenuation of the 
1
H DOSY NMR data very 





-S,O)]+ and all aggregate species in solution.  
 
Dobs = αmDm +… αiDi (4.9) 
 
The Dobs for the [PtII(phen)(L1-S,O)]+ in water shows a significant decrease as a function of 












-S,O)]Cl concentration. (Note: The dotted lines are aids for trend 
visualization.) 
 
The Stokes-Einstein equation 4.9 may be used to estimate the hydrodynamic radii (rH) of 




                       (4.9) 
where k is the Boltzmann constant, η the solvent viscosity, and rH the hydrodynamic radius. 




-S,O)]+ is the average between all 
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species in solution, the rH is also an average value. Although the Stokes-Einstein equation is 





complex, the changes in the average rH as a function of concentration may provide support 
for the proposed aggregation model. The rH of a single monomer (rH
0
) has been estimated by 
extrapolating the Dobs to infinite dilution from the plot of Dobs vs. 1/[M]T , Figure 4.11. An 
estimate of the CAC of ca. 10.3  1.5 for this complex may also be obtained from this plot; 
this value is in satisfactory agreement with the CAC values obtained by the simple δ(H
2
) 
concentration dependence data shown in Table 4.2. 
  
The extent of aggregation can be estimated by considering the aggregation number (N) 
calculated using the hydrodynamic volumes of the monomer (VH
0
) and VH estimated from 
Dobs (N = VH/VH0).32 Table 4.4 lists the data obtained for this system from the 1H DOSY 
NMR experiments at 299.3 K. The average aggregate number in solution increases from N  





-S,O)]+ with an estimated hydrodynamic radius of ca. 7.8 Å and VH 1961 Å3, to 
a maximum N  735 ([M]T = 76.1 mM) corresponding to a ‘size’ of ca. 735 nm3 for the 




-S,O)]+}nCl-y structure(s) in solution. 
 
Significant changes in Dobs are seen in D2O for a 4.5 mM [PtII(phen)(L1-S,O)]+ solution 
([Z] dashed line in Figure 4.10a) upon increasing the Cl
- 
: cation ratio by means of ‘titration’ 
with NaCl. The 4.5mM concentration was chosen well below the CAC value of 9.6 mM to 





-S,O)]+ increased from 8 to a maximum of ca. 176 for the highest practical Cl- : 
cation ratio (nCl-/nM+), before precipitation occurs (Figure 4.10b). The increase in NaCl 
concentration up to a maximum of  342 mM,  might be expected to increase the viscosity of 
the solution significantly, although the estimated overall change in viscosity is at most ca. 
0.02 mPa.s, which results in a difference of only ca. 1.8-2% in the calculated diffusion 
coefficients.
33
 This data satisfactorily confirms the effect of increasing the Cl
- 
: cation ratio on 




-S,O)]+}nCl-y  type 
structures in water, as summarized by the equilibrium (1) above. Such nano-aggregate 
structures are likely to be well within a nano-size range, thus possibly observable by means of 
Transmission Electron Microscopy (TEM). 
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4.2.2.3 Transmission Electron Microscopy (TEM) 




-S,O)]Cl solutions in water and stained 
with uranyl acetate revealed the presence of well-defined ‘spaghetti-like’ aggregate structures 
with a diameter of ca. 20 nm, as shown in Figure 4.12a. Similar TEM images have been 
obtained for the series of related highly water-soluble complexes [Pt
II
(diimine)(N,N-di(2-
hydroxyethyl)-N'-benzoyl-thiourea)]Cl from unpublished studies14, of which a representative 
image is shown in Figure A.38. 
 
 




-S,O)]Cl in (a) water (b) acetonitrile* and (c) 
freshly diluted water with uranyl acetate as a stain. *Staining in acetonitrile was done with 
uranyl acetate in ethanol. 
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-S,O)]Cl appears to be limited to ca. 20 nm, with the uranyl acetate stain 





S,O)]Cl from pure acetonitrile solutions confirms that the extent of aggregation in such 
solutions is significantly less pronounced, resulting in only poorly defined irregular structures 
of variable and smaller average size (Figure 4.12b). 
 
 







-S,O)]+ in water also show a time dependent colloid 













-S,O)]Cl in water showing the presence of 
micron-size colloid particles in aged solutions (>7 days). 
 
Preliminary Tyndall light-scattering experiments also confirm such an aging effect for 












-S,O)]Cl dissolved in acetonitrile reveals the presence of 
micron-sized “spaghetti-like” structures, remarkably similar in overall appearance and 











-S,O)]Cl in acetonitrile on a silicon oxide disk. 
 
The possibility of a helical secondary structure was considered since the TEM images suggest 
that the aggregates have a distinct size and shape. High-resolution TEM of samples prepared 
on a carbon-coated grid immediately after dilution of a solution containing nano-aggregates 
at concentrations above the CAC, shows that the secondary structure appears to form from 




-S,O)]+}nCl-y aligned parallel to one another, 
with a diameters of ca. 2 nm (Figure 4.12c and Figure 4.15). TEM images obtained for 
samples diluted and left to ‘age’ (±2h) do not show any structures in the nano-range such as 
those that can be obtained from more concentrated freshly prepared samples. Evidently upon 
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water showing the agglomerated ‘strands’ arise from the secondary structure of the nano-
sizes aggregates. 
On the basis of all the experimental data, it is tempting to postulate
 
a qualitative aggregate 




-S,O)]+ in water or water-rich 
solutions. The data is
 





-S,O)]+ cations postulated in Scheme 4.1, strongly indicating a preferred 
cation-π ”stacking’’ orientation, as also suggested in previous studies with related 
compounds.
9,13










S,O)]+ is most likely the result of a combination of cation-π interactions accentuated by 
hydrophobic effects. Despite numerous efforts, suitable single crystals for x-ray diffraction 
analysis could not be obtained. 




-S,O)]+ cation from 










-S,O)]+ in a parallel co-planar stacking arrangement does not completely  
account for the ca. 20 nm nano-sized “spaghetti-like” structures observed in the TEM images. 
It is therefore postulated that the nano-aggregates form by means of agglomeration of single 




-S,O)]+ cations in an offset cation-π 
arrangement, most probably stabilized by negatively charged chloride counter ions which 
may coil into the tube-like super-structures observed in Figure 4.12c and Figure 4.15. The 
aggregation of the individual strands of co-planar cation-π stacked complexes may be 
facilitated by the chloride counter ion layers around the strands to form a positively charged 
“core” and a negatively charged outer layer of chloride ions to which the next positively 
charged strand may align due to electrostatic attractions. The overall diameter of the observed 
tube-like structures in TEM images is limited to ± 20 nm in diameter. The apparent preferred 
accumulation of the cationic uranyl stain on the outer surface of the nano-structures in the 
TEM images is consistent with the aggregate formation model postulated here, in which the 













 and pyrene 




-S,O)]+ the hetero-association of [PtII(phen)(Ln-S,O)]+ 
with the polyaromatic hydrocarbon pyrene (C16H10) was investigated in view of the cation-π 




-S,O)]+ complex in acetonitrile. 1H 
and DOSY NMR were used to probe this phenomenon and the results compared to a previous 












-S,O)]+, [PtII(bipy)(L1-S,O)]+ and [PtII(bipy)(L2-
S,O)]+ was considered but the hetero-association of  [PtII(phen)(L1-S,O)]+ and pyrene was 
chosen to be studied in some detail.  
 
Stellenbosch University http://scholar.sun.ac.za




Preliminary work showed significant changes in the 
1
H NMR chemical shifts of the three 
mentioned complexes upon addition of pyrene to an acetonitrile solution containing arbitrary 




-S,O)]+ exhibits significant 
broadening of the 
1
H NMR signals of the coordinated bipy immediately after the addition of 









-S,O)]+ exhibits only chemical shift changes. 
Therefore, the 
1




-S,O)]+ was acquired with a pre-acquisition 








H NMR spectrum of the mixture in acetonitrile-d3 was acquired at time intervals of 5 
minutes after the addition of pyrene to investigate possible kinetic effects or high-order 






Figure 4.16  
1




-S,O)]Cl (6.5 mM, 0.7ml) in acetonitrile-d3 
upon addition of pyrene (3.9 mg). 
1




-S,O)]+ and pyrene at -6ºC in 
acetonitrile-d3 straight after mixing (bottom) and 90 min after mixing (top). (nPt:nPyr =1:4.25) 
A significant increase in resolution of the 
1
H NMR peaks was observed for the spectrum 
acquired 90 min after mixing, with no additional broadening thereafter. This broadening is 








H1* H2* H3* 
⇌ + 
H5 
5 min  
90 min  
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large aggregate formation (with slow molecular correlation time) since the signals resolve 
with time. 
 
However, even at -6 ºC the line-broadening effect was too small to estimate reliable rate 
constants for the proposed hetero-association. It is reasonable to exclude insufficient mixing 
of the sample as a reason for the broad lines since this will affect all Hs of the same molecule 
and broadening was only observed for the 2,2'-bipyridyl protons and not for the coordinated 
L
2
. Furthermore, insufficient mixing would probably result in an oriented phase in the NMR 





which was not mixed sufficiently, which appears rather different.  
 









-S,O)]+ compared to [PtII(phen)(L1-S,O)]+. With the primary focus on the extent 
of aggregation and the additional complication with the slow kinetic phenomenon here, it was 





pyrene at equilibrium in detail. The 
1










Figure 4.17  
1




-S,O)]Cl (5.0 mM) and pyrene mixture in 







H1* H2* H3* H9 
Pyrene 
Pt:pyr 
 1 : 0 
1 : 0.03 
1 : 9.4 
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-S,O)]+ are observed, in particular for H2 and H9 ( Δδ = 0.63 and 0.65 ppm 
respectively) are remarkable. The shielding of H
2





-S,O)]+ and pyrene, in view of its sensitivity to pyrene 
concentration and this resonance does not overlap with the pyrene 
1
H resonances. A previous 









-S,O)]+ and fluoranthene in acetonitrile solutions which is 
expected to be similar for pyrene.
13,36
 an attempt was made to fit a 1:1 aggregation model to 
δ(H
2




-S,O)]+ into account. 
These simultaneous equilibria can be expressed by the following equations,  
  KA 
     2P ⇌ P2 (4.11) 
   KB 
    M + P ⇌ MP (4.12) 
      KD 
    M + M ⇌ M2 (4.13) 
 









-S,O)]+/pyrene dimer, M2 = {[PtII(phen)(L1-S,O)]+}2 and K = the association 
constants of the respective reactions. The self-association of pyrene was taken to be 
negligible within the concentration range used since very small chemical shift and diffusion 
coefficient dependence on concentration were observed (Figure 4.18).  
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Figure 4.18  
1
H NMR chemical shifts and diffusion coefficient of pyrene in acetonitrile-d3 
as a function of pyrene concentration. 
The diffusion coefficients obtained from the 
1
H DOSY show large degree of scatter in the 
data. This was a result of the system struggling to lock properly during the pulsed field 
gradient experiment (PFGE) for all solutions containing pyrene. The peak shape was 
significantly compromised by this problem, especially with an increase in gradient strength; 
this problem could be an instrumental problem on the system, but has not been resolved. The 






























































Figure 4.19  
1
H DOSY spectrum of pyrene with variation of gradient strength. 
Various post acquisition processing methods were tried including line-broadening, FIDDLE 
(line-shape correction algorithm) and absolute value phasing without reliable diffusion 




-S,O)]+ at various 
pyrene concentrations are shown in Figure 4.20. These data were obtained using absolute 
value phasing and an exponential line broadening of 1 Hz. Considerable scattering of the data 
suggests large errors in the measurements as a result of the lock problem discussed earlier. 





-S,O)]+ is observed as the pyrene concentration increases. This is indicative of 





















-S,O)]+ (5.0 mM) as a function of pyrene 
concentration. (dashed line only aid in trend visualization) 





-S,O)]+ in acetonitrile-d3 with results close to the KD calculated from the 1H 









S,O)]+ as a function of pyrene concentration does not allow for reliable calculation of the 




-S,O)]+ and pyrene. Therefore, the dependence of the 1H 




), on the concentration of pyrene was employed to probe the 





various amounts of pyrene in acetonitrile-d3 was prepared after which the 
1
H NMR spectra 







































Pyrene Concentration (M) 
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Figure 4.21  H
2
 chemical shift dependence on pyrene concentration at temperatures 293.0 - 
312.7 K.    
The excellent fit of the multiple equilibria 2M ⇌ M2 (4.12) and M + P ⇌ MP (4.13) to the 
chemical shift data of H
2
 allows for the calculation of the association constant KB. The 




-S,O)]+/pyrene aggregation (KB) at 
various temperatures could be used to calculate the reaction enthalpy (ΔrH), entropy (ΔrS) 
and the standard reaction Gibbs energy (ΔrG) using the Van't Hoff equation (4.1). The Van't 
Hoff plot will only be linear if the model used to calculate the equilibrium constants is 
accurate. Therefore, the linear trend observed in the Van't Hoff plot further validates the 
model used. The Van't Hoff plot of the two simultaneous reactions (4.12) and (4.13) as well 




-S,O)]+ and fluoranthene (M + F ⇌ MF)13 
are shown in Figure 4.22. 
 










S,O)]+/fluoranthene data. This is also reflected in the thermodynamic data calculated from the 

























Pyrene Concentration (M) 
   312.7 K 
  306.1 K 
■   299.5 K 
   293.0 K 
Model fit 
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-S,O)]+ with pyrene and fluoranthene13 in acetonitrile-d3. 
 





(M) with pyrene (P) and fluoranthene (F) in acetonitrile-d3. 

















293.0 43.5 ( 5) -18.2 ( 3) -31 ( 11) -9166 
299.5 35.9 ( 4)   -8965 
306.1 31.5 ( 4)   -8764 
312.7 27.0 ( 3)   -8562 
M + M ⇌ M2 
13
    
298.15 14.5 -25.1 ( 3) -69 ( 11) -6630 
M + P ⇌ MP     
298.15 37.9  -18.1 ( 3) -31 ( 10) -9008 
M + F ⇌ MF 13     






-S,O)]+/pyrene aggregation significantly increases as the temperature 
decreases. The aggregation reaction is spontaneous (ΔrG < 0) and clearly enthalpy driven 
y = 1603.4x - 1.6963 
y = 3288.7x - 8.356 
















M + M ⇌ M2 
M + P ⇌ MP 















since ΔrH>>ΔrS. Interestingly, the hetero-association is energetically more favourable (ΔrG =  
-9.0 kJ.mol
-1




-S,O)]+ (ΔrG =  -6.6 
kJ.mol
-1





-S,O)]+ would be less favourable than the aggregation of the neutral pyrene and 










-S,O)]+/fluoranthene aggregation. However, the reaction enthalpy (ΔrH) and 
entropy (ΔrS) is significantly different for the two hetero-association reactions. Pyrene forms 




-S,O)]+ with the corresponding ΔrH(M/P) = -18.1 3 
kJ.mol
-1
 compared to ΔrH(M/F) = -13.3 3 kJ.mol
-1





S,O)]+/fluoranthene aggregation. This is expected since pyrene has a large aromatic π-surface 
while fluoranthene has two π-systems. 
          
 
Scheme 4.4 The molecular structure of pyrene (with one π-system) and fluoranthene (two π-
ring systems) 
Pyrene with the larger π-surface is expected to form a 'stronger' aggregate via cation-π 
interaction with the Pt metal centre and has better π-stacking capabilities with the bound 





-S,O)]+/pyrene association is more negative ΔrS(M/P) = -31 10 J.mol-1.K-1 




. This difference in reaction entropy is 
the reason for the similar association constants obtained for M + P ⇌ MP and M + F ⇌ MF 




-S,O)]+. The negative 
reaction entropy (ΔrS) is indicative of an association reaction and the positive contribution 




-S,O)]+ and fluoranthene (M + F ⇌ 
MF) relative to  M + P ⇌ MP, could be attributed to fluoranthene being more solvated than 
pyrene in acetonitrile. This would result in more solvent molecules being released upon 




-S,O)]+ compared to pyrene/PtII(phen)(L1-
S,O)]+ which would be an positive contribution to the overall negative ΔrS.  
Fluoranthene Pyrene 
Stellenbosch University http://scholar.sun.ac.za








-S,O)]+ could be elucidated using 
the variation in 
1





S,O)]+ and pyrene. Figure 4.23 shows the 1H chemical shift dependence of [PtII(phen)(L1-
S,O)]+ and pyrene on pyrene concentration. 
 
 
Figure 4.23  
1




-S,O)]+ and (b) pyrene 




-S,O)]Cl at 25ºC. 




-S,O)]+/pyrene in solution.  
 
Significant changes in the δ(
1
H) of phen protons are observed while the L
1
 protons exhibit 
almost no dependence of δ(
1
H) on pyrene concentration. All the protons of pyrene show more 
or less the same degree of shift dependence, suggesting that the whole molecule π-stacks 









 shows that these protons are the most affected by the addition of 





such a way that these protons are the most shielded by the pyrene molecule with the proposed 




































































-S,O)]+ cations (M+) ‘self-associate’ by non-covalent intermolecular cation-π 
interactions in acetonitrile solutions and water-acetonitrile mixtures of up to 30% (v/v) 
D2O:CD3CN to form essentially dimer aggregates according to the 2M
+
 ⇌ {M+}2 model. This 
process is strongly favoured in more polar water-rich solutions (∆rG
0





30%D2O:CD3CN = -10.4 kJ.mol
-1
), with the corresponding KD increasing from 17 ± 2 to 72 ± 
8 M
-1
 at 299.3 K from acetonitrile to 30%D2O:CD3CN mixtures. The experimental data 
obtained suggest that the primary driving force for such phenomena is consistent with mainly 
cation-π stacking interactions, with the increase in the KD attributed to a favourable 
contribution to a negative ∆rS
0 
as a result of the “hydrophobicity” of the quasi-aromatic 
nature of these complex cations. Increasing the water content from > 30%  to 100% (v/v) 





-S,O)]Cl concentration, culminating in the formation of nano-sized structures 
(“metallogels”) consisting of up to ca. 735 mononuclear cations, as estimated by diffusion 
coefficients obtained by means of DOSY NMR spectroscopy, above a critical aggregation 
concentration (9.6 - 10.3 mM at 299.3K). Experimental data suggests that in water, excessive 
positive electrostatic charge build-up in such structures may be partially offset by extensive 
cation-π interactions as well as by ion-pairing with Cl
-
 anions. Uranyl acetate stained TEM 




-S,O)]Cl and the related 
[Pt
II
(diimine)(N,N-di(n-butyl)-N’-benzoylthiourea]Cl compounds,14 provides convincing 











-S,O)]+ cation in particular, forms non-covalent 1:1 aggregates 
with pyrene (C16H10) with association constants (37.9 M
-1
 at 298.15 K) similar to what was 
observed for fluoranthene (39.7 M
-1





-S,O)]+ with the corresponding ΔrH(M/P) = -18.1 3 kJ.mol-1 
compared to fluoranthene (ΔrH(M/F) = -13.3 3 kJ.mol
-1
), which is postulated to be due to the 





-S,O)]+ cation. This relatively strong association of [PtII(phen)(L1-S,O)]+ with 
pyrene and fluoranthene suggests that this class of complexes may form non-covalent 
interactions with haematin, which has a significant π-surface from the porphyrin ligand. This 
interaction is expected to result in β-haematin inhibition as discussed in the next chapter. 
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4.5 Experimental Section 
4.5.1.1 Computational Methods  
1
H NMR as well as 
1





-S,O)]Cl and pyrene. Using the average observed 1H chemical shift (δobs) or 
diffusion coefficient (Dobs), equations 4.14 and 4.15 (where αi = mole fraction of species i), 
the reactions defined in the text the equilibrium constant(s), Ki, and chemical shifts, δi, of 
individual species (monomers, dimer aggregates, trimer aggregates, ion-pairs, etc) were 
calculated. 




iiobs DD              (4.14)        (4.15) 
This particular type of non-linear least squares optimisation calculation can be solved in 
several ways.
37
 A program called, DIMER-KD, written by Koch and co-workers was used to 
fit data with a dimerization model
9
 (the program utilizes the algorithm by Horman and co-
workers
10
). When dealing with multiple equilibria, the program Dynafit version 3 was used.
38
 
However, Dynafit version 3 uses the concentration of the species, ci and not mole fraction in 
the mass balance equations and signal response calculations. This can be corrected by 
multiplying equation 3.5 with the total concentration, CT, of the reagent which results in 
equation 4.16: 
                                                                                                        (4.16) 
 
With these signal responses, the association constants could be calculated. The dimer model 
fitted with the program DIMER-KD can be explained as follows: 
The dimerisation reaction with M the monomer and M2 representing the dimer can be 
expressed by eq 4.17 with the dimerisation constant KD defined by equation 4.18. 
    KD 
         M + M   ⇌  M2           (4.17) 
        KD = [M2] / [M]
2
                (4.18) 
where [M] is monomer concentration,
 
[M2] the dimer concentration, [M]0 the total 
















      [M0] = [M] + 2[M2]          (4.19) 
Combining and rearranging equations 4.18 and 4.19 result in an equation that is dependent on 
KD and the mole fraction of M present as the dimer M2 (2[M2] / [M]0): 
   
      (4.20) 
 
The average signal position (δ) of the monomer and dimer due to fast exchange on the NMR 
time scale is the weighted average between the monomer (δm) and dimer chemical shifts (δd). 
                   δobs = αm δm+ αd δd                          (4.21) 
The assumption is made that the fraction of M present as the dimer (αd = 2[M2] / [M]0) is 
related to the measured chemical shift δobs  
 
        αd = (δm –  δobs) / (δm –  δd)              (4.22) 
or 
        δobs = δm – αd (δm- δd)    (4.23) 
 
A straight line should be obtained for the observed chemical shift (δobs) versus the fraction of 
dimer present (αd). For a series of concentrations, [M0], different sets of αd are calculated for 
each KD. The value of KD is varied and the final KD value is defined as the best straight line 
fit for δi vs αd. KD is calculated from equations 4.20 and 4.22 by iterating the KD and αd to 
best fit the experimental data. 
 
4.5.2 Analytical Instrumentation 
1
H NMR and DOSY experiments were recorded in 5-mm tubes using a Varian Unity Inova 
400 MHz spectrometer operating at 399.95 MHz or a Varian Unity Inova 600 MHz 
spectrometer equipped with an inverse-detection pulsed field gradient (idpfg) probe operating 
at 599.99 MHz. 
1
H NMR chemical shift referencing was done using the corresponding 
solvent peak with the HDO signal showing no chemical shift changes as a function of 
complex concentration. Diffusion coefficients were calculated using the Varian vnmrj 
software (version 2.1b) with a line broadening of 1.0 Hz. Experimental parameters: Pulse 





















H spectral width: 11 ppm, number of acquisitions varied from sample, recycling delay: 2 s, 
diffusion delay 50 ms, Gradient-pulse duration 3.5 or 4.0 ms, 25 different values of G, the 
gradient magnitude, varying between 0.0107 and 0.449 Gm
–1
 calibrated using the diffusion 
coefficient of HDO in D2O.
39
 Transmission Electron Microscopy imaging was done on a 
Zeiss 912 OMEGA EFTEM with a resolution of 0.35nm and high resolution images were 
recorded with a High Resolution FEI/Tecnai F20 Cryo TWIN FEGTEM. 
 
4.5.3 Synthesis of Complexes  
The synthesis and detailed characterisation of the various complexes and ligands is discussed 
in Chapter 2. 
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This chapter describes the testing of all the complexes synthesised in this study for β-
haematin inhibition. This will be done using a surfactant (NP-40) mediated β-haematin 
inhibition assay and the results compared to two well known anti-malarials, chloroquine and 




-S,O)]+ complexes is believed to 
be a result of strong interaction with haematin via non-covalent interactions in view of the 




-S,O)]+ cations with pyrene and 
fluoranthene.
Stellenbosch University http://scholar.sun.ac.za




Plasmodium falciparum is responsible for 90% of all malaria mortalities reported annually. 
During its life cycle the parasite resides in the red blood cell (RBC) of the human host where 
in digests haemoglobin, leaving the toxic heam (ferroprotoporphyrin IX or Fe(II)PPIX) in its 
food vacuole as discussed in Chapter 1. This haem is rapidly oxidised to ferriprotoporphyrin 
(Fe(III)PPIX) which has several forms in solution which includes monomeric, μ-oxo dimers 
and mainly π-π dimers.
1,2 
The π-π dimers associate to form haemozoin crystals at the lipid 





Figure 5.1 Proposed schematic representation of the processes involved in haemozoin 
formation in Plasmodium falciparum based on recent studies.2,3 In aqueous solution 
Fe(III)PPIX forms a π-π dimer (g) which is delivered (h) to a lipid body (LB) where it 
converts to the haemozoin dimer (j) by displacement of the axial water ligands of H2O–
Fe(III)PPIX together with formation of the Fe(III)–propionate bonds. In the absence of 
competing hydrogen bonding to the lipid body, these dimers can start to nucleate haemozoin 
by hydrogen bonding to each other (k), finally assembling the haemozoin crystal (l). (The 
TEM image was reproduced from reference 3) 
This process of haemozoin production is a critical vulnerability of the parasite, since free 
haematin build-up is highly toxic as discussed earlier. This detoxification step is the target of 
a number of antimalarial drugs. For example, chloroquine (CQ) inhibits haemozoin formation 
RBC 
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by binding to the free haematin and/or to the haemozoin crystal surface to rapidly reduce the 
crystal growth.
4
 The repeating unit of the haemozoin crystal is shown in Figure 5.2. 
 
Figure 5.2 Molecular structure of the repeating unit of the haemozoin crystal. These units 
interact by means of hydrogen bonding between the free propionic groups.
5
 (image 
reproduced from reference 6) 
Haemozoin inhibition is an attractive target for new antimalarials since symptoms of malaria 
infections manifest when the parasite is in the blood stage of its life cycle, and detection is 
easily done using a microscope (visible malaria pigment/haemozoin crystals). Furthermore, 
CQ and other quinolines have been shown to be highly effective drugs in targeting this 
detoxification process and are fast-acting and specific to the parasite. However, the wide 
occurrence of drug resistance (by decreasing CQ concentrations as discussed in Chapter 1) 
calls for new drugs to be discovered.  




 exhibit significant in vitro 
antimalarial activity. The mechanism is however contentious since these complexes are also 





(bipy)( N,N-di(2-hydroxyethyl)-N’-benzoylthiourea)]+ complex was shown to have the 
tendency to undergo DNA-mediated biomineralisation with nucleation/seed-crystal forming 
due to interaction with DNA.
8





associates with haematin in 40% aqueous dimethyl 
sulfoxide solution, which suggests haemozoin inhibition as the mechanism for the 
antimalarial activity.
9





-S,O)]+ using a synthetic haemozoin (β-haematin) inhibition 
study.  




-S-O)]+ complexes to have the capability to 
bind/interact with these solution precursors of haemozoin, since the complexes also have the 
tendency to self-associate and form non-covalent complexes with poly aromatic 
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hydrocarbons through π-π stacking and cation-π interactions in solution. These complexes 
appear to engage in non-covalent interactions in solution, probably in a manner similar to that 
found for haematin. 
5.2 β-haematin Inhibition Assay 
The surfactant (NP-40) mediated β-haematin assay described by Carter and co-workers was 





complexes with synthesis described in Chapter 2.
10
 
The well known antimalarials chloroquine (CQ) and amodiaquine (AQ) were used as 
positive controls in this assay. The experiments were carried out in 96-well plates consisting 
of 8 rows and 12 columns as shown in Figure 5.3 and all additions and serial dilutions were 
made by hand using a multi-channel pipette. The procedure and measurements were done in 
duplicate. Wells 2-12 contained solutions of test compound in various concentration; well 12 
contained the highest concentration and wells 11 to 2 serial dilutions (50% of the previous 
well consecutively) while well 1 was the blank control. 
To wells 1 to 11 was added 100 μL of a solution containing 70:20:10 (v/v) % H2O:NP-40 
solution (305.5 μM):dimethyl sulfoxide. To well 12 was added 140 μL H2O and 40 μL NP-40 
solution (305.5 μM). The test compounds were then added to wells 12 (20 μL of a 20 mM 
test compound in dimethyl sulfoxide) and mixed. From well 12, 100 μL of the mixture was 
drawn and added to well 11 as the start of the serial dilution. The solution in well 11 was 
mixed and 100 μL was drawn and added to well 10 and mixed and so on. The process was 
continued until well 2 where the 100 μL drawn was discarded since well 1 is the blank 
control. To all wells 100 μL of a suspension consisting of 178.8 μL haem solution (1mM in 
dimethyl sulfoxide) and 20 mL 1M acetate buffer (pH 4.75 - 4.90) was subsequently added.  
The plates were covered and placed in the incubator for 5 hours at 37ºC. 
Analysis of the assay was done using the colourimetrical pyridine-complex method described 
by Ncokazi and Egan.
11
 To all wells were added 32 μL of a solution containing 20:20:10:50 
(v/v) % H2O:Acetone:2M HEPES buffer:pyridine after which 60 μL acetone was added. 
The solutions were mixed and the absorbances of the plate wells were measured at 405 nm on 
a SpectraMax plate reader.  
5.3 Results and Discussion 
The resultant plates of the compounds tested are shown in Figure 5.3. The orange/pink colour 
Stellenbosch University http://scholar.sun.ac.za
Chapter 5       β-Haematin Inhibition Study 
 
172 
 (as observed for CQ and AQ in plate 1) indicates the pyridine-Fe(III)porphyrin complex 
which serves as a colourimetic indicator of the haematin not in the β-haematin crystalline 
state. This 'free' haematin which forms the pyridine-Fe(III)porphyrin complex is presumably 
not in the β-haematin crystalline state as a result of drug/haem interaction (β-haematin 
inhibition).  
 
   


























Figure 5.3 The 96 well plates of  
β-haematin assay with the orange/pink 
colour an indication of the amount of 
free haematin in solution after the 
incubation period of 5 hours. The red 
crosses indicate the compounds which 
did not exhibit significant β-haematin 
inhibition. 
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Crystalline β-haematin could be observed at all concentrations of inactive compounds 
(indicated by the red crosses) as well as for low concentrations of the active compounds. The 
sigmodal dose response curves were fitted to the absorbance-concentration data using 
GraphPad Prism version 6.02, from which the half-maximal inhibitory concentration (IC50) 
values were calculated. Selected dose-response curves are shown in Figure 5.4 with the IC50 
values at the inflection point of each curve. All the raw data and fitting parameters are shown in 
Tables 5.2 and 5.3 of Section 5.5. The IC50 concentrations and chemical structures of all 
compounds tested are shown in Figure 5.5. 
 
Figure 5.4 Selected test compounds concentration response curves of β-haematin assay. 
The two well known antimalarials, chloroquine (CQ) and amodiaquine (AQ) (shown as dashed 
lines in Figure 5.4) were used as positive standards and are commonly used to determine the 





-S,O)]+ and its palladium analogue [PdII(phen)(L1-S,O)]+ display 





-S,O)]+ displays activity only at higher concentration (IC50 = 41 ±5 μM). By 
contrast, the ligands phen and HL
1
 display only a slight absorbance at the highest concentration 





-S,O)]2+, on the other hand (highlighted in Figure 5.5), is highly active 
with an IC50 value of only 8 ±1 μM, which is well below that of both known and commonly 
used antimalarials CQ (34 ±2 μM) and AQ (13 ±1 μM).   
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Figure 5.5 IC50 values of the compounds tested for the β-haematin assay. 
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-S,O)]2+ has two PtII(phen) moieties in addition to the 
(2+) charge so that in can be speculated that its low IC50 value may indicate that the complex 
interacts with haematin via two of the PtII(phen) groups of the complex. The IC50 values of all 
the complexes tested are summarised in Table 5.1 in order of most to least active. 
 
Table 5.1 List of all active and inactive β-haematin inhibitor. 















































































































-S,O)]+ 26 (±2) 
  










(phen)(OAc)2 57 (±4) 
  
     




-S,O)]+ complexes were better β-haematin 










-S,O)]+). The inactivity of [PtII(phen)(L5-S,O)]+ may be attributed to its low 
solubility. The inactivity of all the complexes containing N,N-dibutyl-N'-acylthioureas is 
probably due to the presence of the butyl groups. It is expected that these butyl groups could 
potentially interact with the nonyl group of the surfactant, which could be driven by 
hydrophobic effects (Scheme 5.1). It is tempting to postulate such hydrophobic interactions in 
view of the well known interaction in ion-pairing chromatography where the ion-pairing 
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reagent with hydrocarbon chain groups (i.e. tetrabutylammonium chloride) and the alkyl-
functionalised reverse phase column (i.e. C18 or C9 etc.) result in a strong affinity for each 
other in polar/aqueous solutions. Indeed, the observed affinity of the β-haematin crystals for 
the walls of the plates at high concentration of complexes containing dibutyl groups, imply 
that the surfactant is not functioning as expected and this is consistent with the postulate 
above. Moreover, at low concentrations of complexes containing dibutyl-groups, the 
surfactant seems to be functioning as expected, since the precipitate (β-haematin) does not 
show an affinity for the walls of the plates and remains a homogeneous suspension. 
  
 
Scheme 5.1 Postulated hydrophobic interaction between the nonyl group of NP-40 and the 
dibutyl groups of the complexes. 
The neutral Pd
II
(phen)(OAc)2 complex shows activity only at a relatively high concentrations 




-S,O)]+ is a much better β-haematin 
inhibitor (IC50 = 26 ±2 μM). It appears that the cationic nature (or protonatibility) of these 
complexes is a requirement for β-haematin inhibition activity since most of the cationic 
complexes shows activity, while similar but neutral complexes are found to be inactive. The 
activity of Pd
II
(phen)(OAc)2 could possibly result from being partially protonated in the 
slightly acidic solutions (pH = 4.7-4.9) or loss of acetate.  
 
In general, the 1,10-phenanthroline complexes exhibit significantly higher activity 




-S,O)]+ = 18 ±2 μM 




-S,O)]+ = 41 ±5 μM). These results are therefore consistent 
with the effect of the diimine functionality postulated by Egan and Koch where diimines with 
more π-electrons display higher binding constants with haem.
9
 Furthermore, the aromatic 





 displays no β-haematin inhibition. 
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-S,O)]+ complexes, we now propose that two structural properties are required 
for this class of complexes to interact with haematin. Firstly, the diimine ligands with π-









-S,O)]+. Secondly, the ancillary ligand (dialkyl-acylthioureas in this case), 
should not contain any hydrophobic butyl or longer chain alkyl groups. It is also found that 
cationic complexes display significant activity compared to the similar neutral complexes. 
 
It has been shown that haematin exist in various forms in solution, the 3 most common 
structures being monomeric haematin, μ-oxo dimers and the most abundant π-π dimers.
1,2
 
The haemazoin inhibition of current antimalarials is thought to be a result of strong 
interaction with haem, haematin as observed by Cohen and co-workers or the seed crystals of 
haemazoin to hinder crystal growth shown by Hanscheid et al.4,12 It has also been proposed 
that AQ forms strong non-covalent π-π dimer complexes with the μ-oxo dimeric 
Fe(III)PPIX.13 Egan and co-workers have found a crystal structure in which the clinically 
used antimalarial halofantrine interacts with ferriprotoporphyrin IX (Fe(III)PPIX) as shown 
in Figure 5.6a.
14
 This crystal structure reveals the interaction of the alcohol functionality of 
halofantrine to the Fe(III)porphyrin centre in addition to π-stacking of the phenanthrene ring 
over the porphyrin. Furthermore, they have also proposed the formation of a salt bridge type 





Peyton and co-workers have established the nature of the interaction between 4,5-
dihydroxyxanthone (45X2) and haem.
15
 These authors proposed a 1:2 45X2-Haem2 
stoichiometry with the coordination of the carbonyl oxygen atom, hydrogen bonding between 
the hydroxyl group of 45X2 and the propionate side chains of the haem, as well as π-stacking 
being the main interactions contributing to the stability of the drug/haem complex (Figure 
5.6b). The importance of π-stacking in these interactions can also be seen from the proposed 
interaction of CQ and the μ-oxo dimer of Fe(III)PPIX (Figure 5.6c).  
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Figure 5.6 Proposed interaction of (a) halofantrine
14
 and (b) 4,5-dihydroxyxanthone 
(45X2)
15




Considering the nature of the interaction of common antimalarials with haematin species in 




-S,O)]+ complexes can be 




-S,O)]+ are capable 
of engaging in non-covalent interactions from their self-association and relatively strong 





-S,O)]+ is proposed to be a result of the interaction between these complexes 
and haematin in solution to form non-covalent hetero-dimers. Several intermolecular 
interactions may contribute to this association and these are illustrated in Scheme 5.2. Non-





phen (a) and ion-pairing of the cationic complex or protonated amino 
group of the complex  with the propionate side chains of haematin (c). The possibility of 
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The structures based on these interactions are shown in Scheme 5.2 with only one haematin 
complex representing all solution species of Fe(III)PPIX. Note that while only one possible 





complex relative to Fe(III)PPIX will probably be an average interaction with the whole π-
surface of the porphyrin.  
 
 




-S,O)]+ complexes with the various 
forms of haematin in solution to inhibit β-haematin formation. All structures are considered 
ion pairs with the additional interactions (a) cation-π, (b) π-stacking (c) a combination of 
cation-π, π-stacking and a salt bridge between the protonated amino group and the 
propionoate and (d) coordination of the acyl group to Fe(III) with additional π-stacking 
interactions. Only one unit of haematin is shown while this represents monomeric haematin 
and/or μ-oxo dimeric haematin except for structure (d).  
5.4 Conclusions 




-S,O)]+ complexes display significant β-haematin 
inhibition in the surfactant mediated β-haematin inhibition assay. This provides important 
information on the mechanism of the in vitro antimalarial activity observed previously for 
this class of complexes.
9
 It was also found that such complexes containing 1,10-
phenanthroline ligands are more efficient (lower IC50) β-haematin inhibitors then analogues 
containing 2,2-bipyridine ligands and that Pt
II
 complexes appear to be more active the Pd
II
 
variation. The complexes of N,N-dibutyl-N'-acylthioureas display no significant activity, 















-S,O)]2+  was found to be a very effective β-haematin 
inhibitor (IC50 = 8 ±1 μM) with IC50 value roughly half that of the other complexes and this 
can be speculated to be due to the two 'active' sites in the complex and the higher overall 
charge suggesting a higher degree of cation-π interactions. It is reasonable to postulate that β-





complexes and solution precursors of haemozoin (Scheme 5.2).  Other non-covalent 
interactions contributing to the effective binding of these complexes to haematin and 
haemozoin precursors include ion-pairing, π-stacking and hydrophobic interactions. 
 
5.5 Experimental Section 
All absorbances at 405nm of the plates shown in Figure 5.3 are given in Table 5.2. The 
corresponding least-squares fitting parameters and corresponding data for the dose response 
of the β-haematin assay are shown in Table 5.3.   
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Compound 0.00 0.98 1.95 3.91 7.81 15.63 31.25 62.50 125 250 500 1000 
 








CQ 0.561 0.591 1.036 0.738 0.903 0.803 1.780 3.375 3.466 3.570 3.565 3.591 
AQ 0.725 0.574 0.725 0.716 0.921 2.880 3.559 3.645 3.693 3.661 3.777 3.810 
AQ 0.510 0.641 0.872 0.710 0.860 2.383 3.551 3.484 3.699 3.604 3.746 3.858 
[Pt(phen)(L1-S,O)]+ 0.631 0.698 0.666 0.742 1.184 1.323 3.085 3.539 3.511 2.818 3.468 3.756 
[Pt(phen)(L1-S,O)]+ 0.720 0.689 1.000 0.739 0.855 1.367 3.302 3.260 3.547 3.195 3.363 3.796 
[Pt(phen)(L2-S,O)]+ 0.747 0.679 0.780 0.897 1.292 1.692 2.251 2.352 1.724 2.212 2.218 2.293 
[Pt(phen)(L2-S,O)]+ 0.835 0.709 0.838 0.890 1.283 1.689 2.204 2.298 1.918 0.808 2.861 2.234 








[Pt(bipy)(L1-S,O)]+ 0.656 0.711 0.649 0.807 0.676 0.655 0.811 3.328 3.326 3.373 3.406 3.613 
[Pt(bipy)(L2-S,O)]+ 0.648 0.857 0.657 0.877 0.969 1.525 2.497 2.646 1.724 1.305 1.577 1.266 
[Pt(bipy)(L2-S,O)]+ 0.680 0.646 0.730 0.815 0.895 1.452 2.413 2.869 1.789 1.301 1.510 1.500 
[Pd(phen)(L1-S,O)]+ 0.680 0.725 0.689 0.819 0.682 0.908 2.624 3.287 3.050 3.354 3.488 3.110 
[Pd(phen)(L1-S,O)]+ 0.604 0.724 0.765 0.770 0.659 0.882 2.429 2.951 3.153 3.366 3.415 3.094 
Pt(phen)(L2-S)2 0.564 0.837 0.694 0.808 1.021 1.436 1.759 1.521 1.532 1.701 1.715 1.726 
Pt(phen)(L2-S)2 0.636 0.667 0.697 0.824 0.972 1.420 1.751 1.823 1.787 1.898 2.243 2.306 








[Pt(phen)(L3-S,O)]+ 1.491 1.090 1.227 1.141 1.250 2.146 2.679 2.487 1.956 1.682 2.099 4.000 
[Pt(phen)(L4-S,O)]+ 1.328 1.051 1.119 1.014 1.198 2.494 3.352 3.429 3.429 3.373 3.692 4.000 
[Pt(phen)(L4-S,O)]+ 1.409 1.068 1.124 1.050 1.172 2.578 3.469 3.355 3.462 3.629 3.755 4.000 
[Pt(phen)(L5-S,O)]+ 1.281 1.075 1.052 1.037 1.242 2.258 2.927 1.768 1.499 2.231 2.367 3.920 
[Pt(phen)(L5-S,O)]+ 1.283 1.146 1.044 1.137 1.331 2.318 3.151 1.892 1.348 2.203 2.511 3.895 
[Pt(phen)(L6-S,O)]+ 1.257 0.967 1.023 1.052 1.307 2.600 3.324 3.338 3.339 3.097 3.204 3.649 
[Pt(phen)(L6-S,O)]+ 1.151 1.148 1.061 1.070 1.449 2.779 3.416 3.402 3.250 3.320 3.430 3.530 








[Pt(phen)(L7-S,O)]+ 0.998 1.013 0.965 1.019 1.301 2.300 3.425 3.582 3.544 3.723 3.845 4.000 
[Pt(phen)(L8-S,O)]+ 0.912 0.947 0.920 0.989 1.196 2.158 3.350 3.340 3.321 3.439 3.379 3.895 
[Pt(phen)(L8-S,O)]+ 0.874 0.934 0.954 1.066 1.191 2.138 3.382 3.301 3.207 3.342 3.384 3.772 
[Pt(phen)(L9-S,O)]+ 0.906 0.925 0.887 1.265 2.150 3.453 3.749 3.721 3.690 3.780 3.565 3.979 
[Pt(phen)(L9-S,O)]+ 0.921 0.872 0.896 1.168 2.173 3.387 3.711 3.477 3.551 3.635 3.759 3.834 
[Pt(phen)(L10-S,O)]+ 0.855 0.886 0.858 0.955 1.292 2.537 3.427 3.379 3.409 3.506 3.718 3.977 
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Table 5.2  Continued..  
  Concentration μM   
Compound 0.00 0.98 1.95 3.91 7.81 15.63 31.25 62.50 125 250 500 1000   








[Pt(phen)(L11-S,O)]+ 0.985 1.001 0.905 1.001 0.981 1.564 2.979 2.885 3.437 3.517 3.529 3.644 
[Pt(phen)(L12-S,O)]+ 0.871 0.987 0.938 0.906 0.877 1.159 3.155 3.216 3.282 3.457 3.519 3.574 
[Pt(phen)(L12-S,O)]+ 0.915 0.977 0.921 0.938 0.897 1.125 3.188 3.003 3.334 3.468 3.523 3.633 
[Pt(phen)(L13-S,O)]+ 0.956 0.886 1.016 0.984 1.139 2.021 3.239 3.403 2.454 1.185 1.657 2.776 
[Pt(phen)(L13-S,O)]+ 1.019 0.951 0.982 0.992 1.088 1.919 3.116 3.051 2.993 1.403 1.764 2.698 
[Pt(phen)(L14-S,O)]+ 1.014 0.950 0.884 1.062 0.925 1.359 3.154 2.777 2.945 3.259 3.402 3.491 
[Pt(phen)(L14-S,O)]+ 1.002 0.944 0.911 1.012 0.961 1.424 3.140 2.880 3.136 3.278 3.228 3.594 








Pd(phen)(OAc)2 1.034 1.097 1.048 0.732 0.943 0.860 1.296 2.405 3.450 3.545 3.638 3.693 
[PtCl(dmso)(en)]+ 0.962 0.974 0.974 0.699 0.933 0.852 0.941 0.927 1.095 0.834 0.999 2.547 
[PtCl(dmso)(en)]+ 1.047 0.987 1.023 0.672 0.986 0.815 0.956 0.926 0.994 0.900 1.019 2.634 
phen 1.023 0.949 0.838 0.743 0.864 0.766 0.953 0.852 0.950 0.833 0.943 2.567 
phen 0.961 0.963 1.077 0.668 0.882 0.742 0.928 0.810 0.919 0.830 0.947 2.422 
HL1 0.833 0.840 0.828 0.694 0.885 0.754 1.030 0.746 0.836 0.832 0.908 2.450 
HL1 0.909 0.840 0.952 0.748 0.830 0.762 0.770 0.902 0.895 0.842 0.892 2.239 








CQ 0.964 0.950 0.854 0.855 0.850 1.093 3.186 3.514 3.623 3.591 3.604 3.557 
AQ 0.869 0.873 0.763 0.782 0.947 2.932 3.552 3.703 3.688 3.754 3.779 3.818 
AQ 0.906 0.921 0.757 0.860 1.348 3.447 3.661 3.672 3.620 3.746 3.781 3.832 
HL2 0.875 0.825 0.811 0.873 0.851 0.748 0.871 0.828 1.033 0.961 1.075 1.440 
HL2 0.848 0.910 0.814 0.909 0.796 0.801 1.013 0.913 0.948 0.997 1.063 1.377 
[Pt(phen)(L1-S,O)]+ 0.900 0.827 0.812 0.960 0.842 1.401 3.286 3.185 3.327 3.313 3.304 3.575 
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Table 5.3 Least-squares fit of the dose response data of the β-haematin assay using GraphPad Prism. 
 
CQ AQ [Pt(phen)(L1-S,O)]+ [Pt(phen)(L2-S,O)]+ [Pt(bipy)(L1-S,O)]+ 
log(inhibitor) vs. response 




     
     Bottom 0.6954 0.6326 0.7567 0.01969 0.6842 
     Top 3.471 3.647 3.405 ~ 6.010 3.404 
     LogIC50 1.537 1.129 1.267 ~ 3.975 1.614 
     HillSlope 3.753 3.815 4.362 0.199 9.936 
     IC50 34.43 13.45 18.49 ~ 9449 41.1 
     Span 2.776 3.014 2.649 ~ 5.990 2.72 
Std. Error 
     
     Bottom 0.03604 0.04574 0.07863 3.147 0.02163 
     Top 0.04248 0.03799 0.07708 ~ 39.30 0.02649 
     LogIC50 0.01492 0.01508 0.03165 ~ 24.33 0.02679 
     HillSlope 0.491 0.4611 1.219 0.7936 2.136 
     Span 0.0577 0.06119 0.1126 ~ 42.27 0.03421 
95% Confidence Intervals 
     
     Bottom 0.6203 to 0.7706 0.5372 to 0.7280 0.5927 to 0.9208 -6.545 to 6.585 0.6391 to 0.7293 
     Top 3.383 to 3.560 3.568 to 3.726 3.245 to 3.566 (Very wide) 3.349 to 3.460 
     LogIC50 1.506 to 1.568 1.097 to 1.160 1.201 to 1.333 (Very wide) 1.558 to 1.670 
     HillSlope 2.729 to 4.777 2.853 to 4.777 1.818 to 6.905 -1.456 to 1.854 5.480 to 14.39 
     IC50 32.05 to 36.99 12.51 to 14.46 15.88 to 21.53 (Very wide) 36.14 to 46.74 
     Span 2.655 to 2.896 2.887 to 3.142 2.414 to 2.884 (Very wide) 2.649 to 2.791 
Goodness of Fit 
     
     Degrees of Freedom 20 20 20 20 20 
     R square 0.9932 0.9934 0.9703 0.6569 0.9973 
     Absolute Sum of Squares 0.2734 0.312 1.144 3.51 0.1122 
     Sy.x 0.1169 0.1249 0.2392 0.4189 0.07489 
Number of points 
     
     Analyzed 24 24 24 24 24 
      
 
[Pt(bipy)(L2-S,O)]+ [Pd(phen)(L1-S,O)]+ Pt(phen)(L2-S)2 [Pt(phen)(L3-S,O)]+ [Pt(phen)(L4-S,O)]+ 
log(inhibitor) vs. response 
     
Best-fit values 
     
     Bottom 0.7637 0.7081 0.6451 1.218 1.081 
     Top 1.862 3.235 1.871 2.622 3.6 
     LogIC50 1.126 1.413 1.078 1.137 1.172 
     HillSlope 5.603 4.869 1.586 5.826 4.347 
     IC50 13.36 25.87 11.97 13.7 14.85 
     Span 1.098 2.527 1.226 1.404 2.52 
Std. Error 
     
     Bottom 0.1555 0.04115 0.08999 0.1783 0.06493 
     Top 0.1276 0.04158 0.06832 0.1469 0.05622 
     LogIC50 0.152 0.01824 0.09939 0.1372 0.02247 
     HillSlope 10.02 0.7984 0.5087 11.35 1.266 
     Span 0.2045 0.05944 0.1227 0.2358 0.08934 
95% Confidence Intervals 
     
     Bottom 0.4393 to 1.088 0.6223 to 0.7939 0.4574 to 0.8328 0.8463 to 1.590 0.9454 to 1.216 
     Top 1.596 to 2.128 3.149 to 3.322 1.728 to 2.013 2.315 to 2.928 3.483 to 3.718 
     LogIC50 0.8088 to 1.443 1.375 to 1.451 0.8709 to 1.286 0.8505 to 1.423 1.125 to 1.218 
     HillSlope -15.29 to 26.50 3.203 to 6.534 0.5252 to 2.648 -17.85 to 29.50 1.706 to 6.988 
     IC50 6.439 to 27.73 23.70 to 28.24 7.429 to 19.30 7.088 to 26.49 13.33 to 16.54 
     Span 0.6716 to 1.525 2.403 to 2.651 0.9696 to 1.482 0.9117 to 1.895 2.333 to 2.706 
Goodness of Fit 
     
     Degrees of Freedom 20 20 20 20 20 
     R square 0.6305 0.9905 0.9048 0.6783 0.9802 
     Absolute Sum of Squares 3.806 0.3295 0.6433 5.04 0.6744 
     Sy.x 0.4362 0.1284 0.1793 0.502 0.1836 
Number of points 
     
     Analyzed 24 24 24 24 24 
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Table 5.3  Continued.. 
 
[Pt(phen)(L5-S,O)]+ [Pt(phen)(L6-S,O)]+ [Pt(phen)(L7-S,O)]+ [Pt(phen)(L8-S,O)]+ [Pt(phen)(L9-S,O)]+ 
log(inhibitor) vs. response Ambiguous 
    
Best-fit values 
     
     Bottom 1.078 1.063 1.011 0.9566 0.9056 
     Top ~ 1449 3.412 3.737 3.456 3.715 
     LogIC50 ~ 10.39 1.114 1.199 1.197 0.9151 
     HillSlope ~ 0.3728 4.035 2.912 3.698 3.158 
     IC50 ~ 2.441e+010 13 15.8 15.75 8.224 
     Span ~ 1448 2.349 2.726 2.499 2.809 
Std. Error 
     
     Bottom 0.6854 0.04379 0.0439 0.05445 0.04496 
     Top ~ 2.022e+006 0.036 0.03912 0.04896 0.03216 
     LogIC50 ~ 1643 0.01861 0.01819 0.02123 0.01528 
     HillSlope ~ 0.7179 0.5876 0.3311 0.7411 0.3363 
     Span ~ 2.022e+006 0.058 0.0614 0.07629 0.05756 
95% Confidence Intervals 
     
     Bottom -0.3520 to 2.508 0.9718 to 1.154 0.9195 to 1.103 0.8430 to 1.070 0.8118 to 0.9994 
     Top (Very wide) 3.337 to 3.487 3.655 to 3.819 3.354 to 3.558 3.648 to 3.782 
     LogIC50 (Very wide) 1.075 to 1.153 1.161 to 1.237 1.153 to 1.242 0.8832 to 0.9469 
     HillSlope (Very wide) 2.810 to 5.261 2.221 to 3.603 2.152 to 5.243 2.456 to 3.859 
     IC50 (Very wide) 11.89 to 14.21 14.48 to 17.25 14.23 to 17.44 7.642 to 8.850 
     Span (Very wide) 2.228 to 2.470 2.598 to 2.854 2.340 to 2.658 2.689 to 2.929 
Goodness of Fit 
     
     Degrees of Freedom 20 20 20 20 20 
     R square 0.6637 0.9901 0.9924 0.9855 0.9938 
     Absolute Sum of Squares 6.732 0.2874 0.2819 0.4755 0.2338 
     Sy.x 0.5802 0.1199 0.1187 0.1542 0.1081 
Number of points 
     
     Analyzed 24 24 24 24 24 
      
 
[Pt(phen)(L10-S,O)]+ [Pt(phen)(L11-S,O)]+ [Pt(phen)(L12-S,O)]+ [Pt(phen)(L13-S,O)]+ [Pt(phen)(L14-S,O)]+ 
log(inhibitor) vs. response 




     
     Bottom 0.8737 0.9848 0.9216 1.001 0.9657 
     Top 3.544 3.337 3.403 2.478 3.2 
     LogIC50 1.105 1.313 1.347 ~ 1.179 1.279 
     HillSlope 2.956 4.203 6.573 ~ 18.35 7.37 
     IC50 12.73 20.55 22.22 ~ 15.09 19.02 
     Span 2.67 2.352 2.481 1.477 2.234 
Std. Error 
     
     Bottom 0.06214 0.05539 0.04162 0.2021 0.0581 
     Top 0.0508 0.05505 0.04162 0.1675 0.05804 
     LogIC50 0.02562 0.02675 0.0227 ~ 63.03 0.0468 
     HillSlope 0.4388 0.7448 0.9674 ~ 75659 3.758 
     Span 0.08314 0.07918 0.05899 0.2692 0.08258 
95% Confidence Intervals 
     
     Bottom 0.7440 to 1.003 0.8692 to 1.100 0.8348 to 1.008 0.5797 to 1.423 0.8445 to 1.087 
     Top 3.438 to 3.650 3.222 to 3.452 3.316 to 3.490 2.129 to 2.828 3.079 to 3.321 
     LogIC50 1.051 to 1.158 1.257 to 1.369 1.299 to 1.394 (Very wide) 1.182 to 1.377 
     HillSlope 2.040 to 3.871 2.649 to 5.756 4.555 to 8.591 (Very wide) -0.4707 to 15.21 
     IC50 11.26 to 14.40 18.07 to 23.37 19.92 to 24.78 (Very wide) 15.19 to 23.82 
     Span 2.497 to 2.844 2.187 to 2.517 2.358 to 2.604 0.9154 to 2.039 2.062 to 2.406 
Goodness of Fit 
     
     Degrees of Freedom 20 20 20 20 20 
     R square 0.9854 0.9809 0.9902 0.643 0.9767 
     Absolute Sum of Squares 0.5189 0.5743 0.3432 6.634 0.6706 
     Sy.x 0.1611 0.1695 0.131 0.5759 0.1831 
Number of points 
     
     Analyzed 24 24 24 24 24 
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Table 5.3  Continued.. 
 
Pd(phen)(OAc)2 [PtCl(dmso)(en)]+ phen HL1 HL2 
log(inhibitor) vs. response 
 
Ambiguous Ambiguous Ambiguous Ambiguous 
Best-fit values 
     
     Bottom 0.9312 0.9248 0.8775 0.8362 0.8526 
     Top 3.607 ~ 2.595 ~ 2.502 ~ 5.543 ~ 390.3 
     LogIC50 1.754 ~ 2.798 ~ 2.810 ~ 3.064 ~ 5.775 
     HillSlope 3.194 ~ 12.83 ~ 12.30 ~ 5.112 1.03 
     IC50 56.74 ~ 628.7 ~ 645.3 ~ 1158 ~ 595529 
     Span 2.676 ~ 1.670 ~ 1.624 ~ 4.706 ~ 389.4 
Std. Error 
     
     Bottom 0.03156 0.02464 0.02413 0.01998 0.02059 
     Top 0.04309 ~ 27.82 ~ 40.58 ~ 358.1 ~ 321830 
     LogIC50 0.0156 ~ 72.50 ~ 71.96 ~ 10.14 ~ 350.9 
     HillSlope 0.343 ~ 9278 ~ 7888 ~ 50.36 0.7167 
     Span 0.0555 ~ 27.83 ~ 40.59 ~ 358.1 ~ 321830 
95% Confidence Intervals 
     
     Bottom 0.8654 to 0.9970 0.8734 to 0.9762 0.8271 to 0.9278 0.7945 to 0.8779 0.8096 to 0.8955 
     Top 3.517 to 3.697 (Very wide) (Very wide) (Very wide) (Very wide) 
     LogIC50 1.721 to 1.786 (Very wide) (Very wide) (Very wide) (Very wide) 
     HillSlope 2.479 to 3.910 (Very wide) (Very wide) (Very wide) -0.4654 to 2.525 
     IC50 52.64 to 61.15 (Very wide) (Very wide) (Very wide) (Very wide) 
     Span 2.560 to 2.792 (Very wide) (Very wide) (Very wide) (Very wide) 
Goodness of Fit 
     
     Degrees of Freedom 20 20 20 20 20 
     R square 0.9935 0.9585 0.9579 0.9669 0.8808 
     Absolute Sum of Squares 0.2227 0.2186 0.2096 0.1417 0.07867 
     Sy.x 0.1055 0.1045 0.1024 0.08418 0.06272 
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(where diimine is 1,10-phenanthroline (phen) or 2,2’-bipyridyl (bipy), L
n
-S,O various 





-S,O)]Cl in particular was unambiguously assigned using COSY for J-coupling 
information and 1D NOESY for the through-space dipole-dipole coupling which allowed for 










resulted in the crystallization of a new polymorph of Pt
II
(bipy)Cl2. The crystal structure of the 
yellow Pt
II
(bipy)Cl2 revealed the co-crystallisation of acetonitrile while the data reveals a 
Pt
…
Pt interaction that is very similar to that reported for the red polymorph of this complex 
without having this red-shift from the dz2 orbital overlap. This is to the best of our knowledge, 
















-S,O)]Cl complex in 
attempt to determine the effect of the metal to the extent of β-haematin inhibition. 




-S,O)]Cl from PdIICl2(phen) in 
chloroform, dichloromethane, acetonitrile and methanol were unsuccessful, while the 





S,O)]Cl in reasonable yields (60-70%). This was attributed to the solvation of Cl- in water 
which would be energetically more favourable than in organic solvents and allows for the 
formation of the desired complex. [Pt
II
Cl(DMSO)(en)]Cl was also synthesised as a cationic 
complex of platinum(II) without any aromatic ligands, to see if ligands with significant π-
electrons are a requirement for the complexes to be β-haematin inhibitors.  
From the characterisation of the series of complexes mentioned above, interesting features 
of the 
1
H NMR spectra of some of the complexes were observed.  All diimine complexes 








3J(195Pt-1H), are highly dependent of the magnetic field strength and solvent 
viscosity due the increase in CSA (Chemical Shift Anisotropy) relaxation rate of the square 
planar platinum centre leading to line broadening.  




-S,O)]Cl yielded significant quantities of a 
novel coordination product. Upon careful studying the 
1
H NMR spectrum of the reaction 
mixture, a bis-monodentate coordinted-L2 complex, PtII(phen)(L2-S)2 was proposed. Attempts 
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-S)2 by adjusting the reaction conditions and ligand concentration 
proved that this compound could be synthesised in high yields and crystallised. The crystal 
structure proved the proposed structure and also revealed interesting intra-molecular aromatic 
π-stacking interaction between the naphthoyl group of the bound L
2
 and the coordinated 





-S)2 complex in solution which could account for the presence of 




-S,O)]Cl. 1D NOESY data reveals the presence 
of this intra-molecular π-stacking interactions in methanol-d4 with NOEs observed between 
H
5+6








-S)2 complex using 
selected N,N-dialkyl-N'-acylthioureas with specific structural variations. It was found that 
these  N,N-dialkyl-N'-acylthioureas also form monodentate PtII(phen)(Ln-S)2 complexes in 










could potentially be a new class of complexes if they are found to have some bioactivity. 




-S)2 and the crystal structure data shows that the 
phenanthroline moieties of these complexes also interact via π-stacking, in a manner similar 









-S)2 complexes and [PtII(phen)(Ln-S,O)]Cl in high yields depending on the 
reaction conditions, illustrates the versatility of the N,N-di(alkyl)-N'-acylthiourea ligands to 
coordinate in a monodentate fashion via the sulphur donor atom or as a chelate via the 





-S,O)]Cl complexes display interesting self-association behaviour in 




-S,O)]Cl complexes via 
non-covalent interactions, is expected to influence the extent β-haematin inhibition and is 





studied in detail for solutions 0 - 100 % (v/v) D2O:CD3CN. High resolution 
1
H NMR as well 
as Diffusion Ordered Spectroscopy (DOSY NMR) were found to be particularly well suited 
for this type of investigation. 
1




-S,O)]Cl revealed that the 
complexes form regiospecific non-covalent dimers in 0 to 30 % (v/v) D2O:CD3CN solutions 
(which are in fast exchange in chemical shift). The extent of dimerisation was found to 
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increase significantly as the D2O content increases with the dimerisation constant (KD) 
increasing from 17 ± 2 M
-1
 in CD3CN to 71 ± 8 M
-1
 in 30% (v/v) D2O:CD3CN at 299.3K, 
presumably via non-covalent cation-π interactions (ΔrG0CD3CN = -7.0 kJ.mol-1; 
∆rG
0
30%D2O:CD3CN = -10.4 kJ.mol
-1
). The increase in dimerisation constant was attributed to the 
stabilization of the doubly charged dimer by water molecules to a greater extent with the 







30%D2O:CD3CN = -18.9 kJ.mol
-1
) with a 
negative reaction entropy (ΔrS
0











as expected for an association reaction. However, the entropy was found to become more 
positive (while still negative overall) as the D2O content increase (ΔΔrS
0





This positive contribution was attributed to the well known hydrophobic effect, where 
ordered water molecules of solvation surrounding the non-polar groups are 'released' upon 
association of such groups. 
For solutions of higher D2O content, >30% (v/v) D2O:CD3CN, the 
1
H NMR spectrum 
displays significantly broadened signals and a marked dependence of chemical shifts on D2O 
content, which could not be accounted for by the dimerisation model or higher order 
aggregation models. The broad 
1





-S,O)]Cl in pure D2O suggest that significant aggregation processes 
occur in these solutions, while TEM images reveal large well defined ‘spaghetti-like’ 
structures. The diffusion coefficients for these solutions obtained using DOSY NMR, 
suggests the formation of nano-sized structures (“metallogels”) consisting of up to ca. 735 
mononuclear cations, above a critical aggregation concentration (9.6 - 10.3 mM at 299.3K). 
TEM images of freshly diluted samples reveals that the well defined 'spaghetti'-like structures 





-S,O)]+ cations. The positive charge build-up that is expected to result 
from this association process is probably stabilized/offset by ion-pairing interactions with the 
chloride ions at the edges of such structures. This view is supported by the fact that the 
cationic uranyl acetate stain used in the TEM imaging accumulated at the edges of these 
nano-aggregates. The 
1
H and DOSY NMR revealed significant shielding and slower diffusion 
coefficients with the addition of NaCl to the solutions which is consistent with an increase in 





complexes will be considered as bioactive compounds in the future, the extensive self-
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association behaviour these complexes cannot be ignored concerning the saline water content 
in biological systems. 




-S,O)]+ complexes to not only self-associate but also 
association with other molecules such as pyrene and haematin are of interest. However, since 





-S,O)]Cl forms relatively strong 1:1 outer-sphere complexes with 





aggregate formation was found to be 37.9 M
-1
 at 25ºC from 
1
H chemical shift data which is 





S,O)]Cl/fluoranthene association (39.7 M-1). Both these association constants are significantly 




-S,O)]+ (KD = 14.5 M-1). Pyrene was 




-S,O)]+ with the corresponding 
ΔrH(M/P) = -18.1 3 kJ.mol
-1
 compared to fluoranthene (ΔrH(M/F) = -13.3 3 kJ.mol
-1
) which is 
postulated to be due to the larger aromatic π-surface of pyrene forming a stronger cation-π 










S,O)]+ complexes will have the capabilities to association to haematin to ultimately inhibit 
haemozoin formation in the malaria parasite, However, we have test this hypothesis using a 
synthetic haemozoin (β-haematin) inhibition study and the testing of the series of complexes 
of this study against the Plasmodium falciparum is subject of future study.  
A β-haematin assay was performed for all complexes synthesized to establish their 




-S,O)]+ complexes was found 





-S,O)]+ complexes were found to be significantly better β-




-S,O)]+ and [PdII(phen)(Ln-S,O)]+ 
variations. The complexes with N,N-dibutyl-N'-acylthiourea ligands did not show significant 
activity, with large quantities of β-haematin precipitate adhering to the sides of the 
polypropylene wells. The inactivity of these complexes and the unusual behaviour of the β-
haematin in these samples were attributed to a hydrophobic interaction of the butyl chains of 





-S,O)]2+, a complex with an acylthiourea ligand with two S,O-coordination 
sites, was found to be the most efficient β-haematin inhibitor tested with the corresponding 
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-S,O)]+ and is significantly more efficient than the two well known 
and commonly used antimalarials, chloroquine (34 ±2 μM) and amodiaquine (13 ±1 μM).  
We have postulated 4 possible association/aggregate structures for the hetero-dimers of the 




-S,O)]+ complexes. The cation-π 
interaction is believed to be responsible for the effectiveness of these complexes, while other 
contributing non-covalent interactions include ion-pairing, π-stacking while the coordination 
of the acyl group of L
n
 and the Fe(III) metal centre is also considered. 





-S,O)]+ complexes as bioactive molecules. Furthermore we have discovered 




-S)2 complexes which could have interesting bioactivity 
which is something of future study. We have also found a novel polymorph of Pt
II
(bipy)Cl2 
with acetonitrile and the possibility of other solvents to also co-crystallise with Pt
II
(bipy)Cl2 





thoroughly being studied and the modelling of the aggregates (dimers and nano-aggregates) 
would be of great value in the future.  Furthermore, other complexes could also be 
investigated in this manner to see if structural variation of the ligands influences the 
morphology of the aggregates in water.  





-S,O)]+/Fe(III)PPIX using quantum mechanical calculations to identify critical 





-S,O)]2+, more complexes with bipodal ligands could be synthesised and their 
strengths of β-haematin inhibition could be compared together with the test results for the 
activity against real parasites. This ligand architecture could potentially be incorporated in 
macro-molecules with large amounts of functional groups, like polymers, dendrimers or 
functionalised nanoparticles which may increase the effectiveness and/or decrease 





















Figure A.1  
1




-S,O)]Cl in chloroform-d1 at 25ºC. 
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-S,O)]Cl in dimethyl sulfoxide-d6 at 25ºC. 
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Figure A.5  
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-S,O)]Cl in dimethyl sulfoxide-d6 at 25ºC. 
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Figure A.7  
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-S,O)]Cl in dimethyl sulfoxide-d6 at 25ºC. 
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Figure A.9  
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-S,O)]Cl in dimethyl sulfoxide-d6 at 25ºC. 









































-S,O)]Cl in dimethyl sulfoxide-d6 at 25ºC. 
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-S,O)]+, [PtII(bipy)(Ln-S,O)]+ and [PdII(phen)( L1-S,O)]+ 


















































































































































































































































































































Figure A.16 Calculated 
1
H NMR chemical shifts of the relevant section of L
2
 coordinated to 
the platinum metal centre using the ChemDraw Ultra software package. 
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Figure A.17 Line-fits of the 
1






-S)2 at various 
temperatures.  
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Figure A.18 Line-fits of the 
1






-S)2 at various 
temperatures. 
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-S,O)]Cl showing the 1H and 13C 
correlations in chloroform-d1. 
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-S,O)]Cl containing significant amount of the previously 'unknown' PtII(phen)(L2-
S)2 with the 1H NMR spectrum of the pure [Pt(phen)(L2-S,O)]+ in red and Pt(phen)(L2-S)2 in 
blue. 
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Table A.1 Bond lengths and selected angles, torsion angles, plane angles and distances in the 





Bonds: Å  Bonds: Å  Bonds: Å  Bonds: Å 
PT1-S3 2.2837(2)  C17-C21 1.3812(1)  N26-H26 0.8800(1)  N3-C56 1.4687(2) 
PT1-N9 2.0566(2)  C18-N26 1.2962(1)  C27-H27 0.9500(1)  C51-H51A 0.9900(1) 
PT1-N10 2.0554(2)  C19-H19 0.9500(1)  C27-C9 1.3591(1)  C51-H51B 0.9900(1) 
PT1-S1 2.3002(2)  C19-C33 1.3520(1)  C28-H28 0.9500(1)  C51-C55 1.5170(2) 
S3-C18 1.7783(2)  C20-H20 0.9500(1)  C28-C40 1.3665(1)  C53-H53A 0.9900(1) 
C2-N10 1.3674(2)  C22-H22A 0.9900(1)  S1-C47 1.7809(2)  C53-H53B 0.9900(1) 
C2-C30 1.4216(1)  C22-H22B 0.9900(1)  C1-H11 0.9500(1)  C53-C54 1.5351(2) 
C2-C32 1.4171(1)  C22-C25 1.5158(2)  C11-C6 1.4231(1)  C54-H54A 0.9900(1) 
C3-O4 1.2246(1)  C23-H23A 0.9900(1)  C11-C39 1.3739(1)  C54-H54B 0.9900(1) 
C3-C21 1.5285(2)  C23-H23B 0.9900(1)  C6-C50 1.4344(2)  C54-C8 1.5236(1) 
C3-N26 1.3741(2)  C23-C25 1.5230(2)  C9-H9 0.9500(1)  C55-H55A 0.9800(1) 
O5-C49 1.2334(1)  C23-C46 1.5288(2)  C10-H10 0.9500(1)  C55-H55B 0.9800(1) 
C7-H7 0.9500(1)  C29-C30 1.3981(1)  C39-H39 0.9500(1)  C55-H55C 0.9800(1) 
C7-N9 1.3290(1)  C29-C27 1.4330(1)  C39-C44 1.4094(2)  C56-H56A 0.9900(1) 
C7-C28 1.3973(1)  C29-C40 1.4032(1)  C40-H40 0.9500(1)  C56-H56B 0.9900(1) 
N9-C30 1.3755(1)  C32-C37 1.4023(1)  C41-H41 0.9500(1)  C56-C4 1.5245(2) 
N10-C16 1.3280(1)  C32-C9 1.4312(2)  C41-C50 1.4093(1)  C5-H5A 0.9900(1) 
C1-H1 0.9500(1)  C33-H33 0.9500(1)  C42-H42 0.9500(1)  C5-H5B 0.9900(1) 
C1-C12 1.4184(2)  C33-C42 1.4009(1)  C43-H43A 0.9900(1)  C5-C26 1.5177(2) 
C1-C20 1.3644(1)  C34-H34A 0.9900(1)  C43-H43B 0.9900(1)  C5-C4 1.5150(2) 
C12-C14 1.4256(2)  C34-H34B 0.9900(1)  C43-C51 1.5339(2)  C8-H8A 0.9900(1) 
C12-C19 1.4175(1)  C34-C43 1.5233(2)  C44-H44 0.9500(1)  C8-H8B 0.9900(1) 
C13-H13 0.9500(1)  C35-H35 0.9500(1)  C44-C45 1.3562(1)  C8-C58 1.5286(2) 
C13-C14 1.4295(2)  C35-C36 1.4098(2)  C45-H45 0.9500(1)  C26-H26A 0.9800(1) 
C13-C42 1.3696(1)  C35-C41 1.3611(1)  C45-C50 1.4157(1)  C26-H26B 0.9800(1) 
C14-C21 1.4416(1)  C36-H36 0.9500(1)  C46-H46A 0.9800(1)  C26-H26C 0.9800(1) 
N8-C18 1.3522(1)  C36-C24 1.3736(1)  C46-H46B 0.9800(1)  C4-H4A 0.9900(1) 
N8-C22 1.4688(2)  C37-H37 0.9500(1)  C46-H46C 0.9800(1)  C4-H4B 0.9900(1) 
N8-C34 1.4687(2)  C37-C10 1.3629(2)  N1-H1A 0.8800(1)  C58-H58A 0.9800(1) 
C16-H16 0.9500(1)  C24-C6 1.4401(2)  N1-C47 1.2874(1)  C58-H58B 0.9800(1) 
C16-C10 1.4021(1)  C24-C49 1.520(2)  N1-C49 1.3596(2)  C58-H58C 0.9800(1) 
C17-H17 0.9500(1)  C25-H25A 0.9900(1)  C47-N3 1.3623(1)  
  


















)2 in methanol-d4. 





























































Figure A.25  Distances and angles of the planes created by the coordinated 1,10-
phenanthroline moiety. 
 
Figure A.26 ATR FTIR of HL
2
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Figure A.34  ATR FTIR of HL
13
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Figure A.35 Oriented phase observed in the 
1










Figure A.36  399.99 MHz 
1
H NMR spectra of [Pt
II
(1,10-phenanthroline)(N,N-di(2-
hydroxyethyl)-N'-benzoylthiourea)]Cl as in D2O a function of temperature.  
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Figure A.37 The observed 
1
H chemical shift of H
2
 at temperatures 299.3 - 331.5 K against 




-S,O)]Cl concentration in D2O. 
 
Figure A.38 TEM image (x73000) of [Pt
II
(2,2’-bipyridyl)(N,N-di(2-hydroxyethyl)-N'-
benzoylthiourea)]Cl prepared from water and stained with uranyl acetate.
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Table A.2  Calculated monomer and dimer chemical shifts (δm and δd) for solutions 10-30% v/v 
D2O:CD3CN using the dimer model. 
Percentage (v/v) 
D2O:CD3CN 
Temperature (K) δm (ppm) error (+-) δd (ppm) error (+-) 
0 309.6 9.300 0.004 8.118 0.053 
 
299.3 9.292 0.006 8.123 0.064 
 
291.6 9.285 0.009 8.105 0.076 
 
282.6 9.273 0.015 8.087 0.099 
20 309.6 9.281 0.006 8.195 0.067 
 
299.3 9.275 0.007 8.192 0.061 
 
291.6 9.269 0.023 8.098 0.145 
 
282.6 9.262 0.02 8.195 0.113 
30 309.6 9.264 0.009 8.293 0.053 
 
299.3 9.26 0.01 8.281 0.048 
 
291.6 9.253 0.014 8.260 0.055 
 282.6 9.246 0.017 8.252 0.054 
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) and Dobs dependence of [PtII(phen)(L1-S,O)]Cl (4.5 mM) on NaCl 
concentration with corresponding hydrodynamic radii (rH), volumes (VH) and aggregation 








)   (ppm) 
299.3 K 309.6 K 319.9K 331.5 K 
9.8141 7.275 7.427 7.577 7.750 
12.582 7.295 7.451 7.611 7.786 
16.691 7.318 7.491 7.658 7.837 
25.021 7.368 7.574 7.749 7.932 
40.004 7.489 7.652 7.837 8.036 
66.673 7.602 7.766 7.951 8.145 
100.01 7.684 7.841 8.024 8.219 
125.01 7.727 7.884 8.068 8.262 
166.68 7.771 7.934 8.117 8.307 
250.02 7.835 7.991 8.174 8.369 
333.36 7.878 8.050 8.221 8.404 
500.05 7.945 8.097 8.275 8.468 
1000.1 8.017 8.186 8.361 8.545 
1962.4 8.082 8.257 8.431 8.610 
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Cation–π induced aggregation of water-soluble
[PtII(diimine)(Ln-S,O)]+ complexes studied by 1H DOSY
NMR and TEM: from ‘dimer aggregates’ in acetonitrile
to nano-aggregates (‘metallogels’) in water†‡
Izak A. Kotzé, Wilhelmus J. Gerber, Yu-Shan Wu and Klaus R. Koch*
1H NMR chemical shift concentration dependence as well as the diffusion coefficients from DOSY NMR
of mixed ligand [PtII(1,10-phenanthroline)(N-pyrrolidyl-N-(2,2-dimethylpropanoyl)thiourea)]Cl ([PtII-
(phen)(L1-S,O)]Cl) dissolved in mixtures of acetonitrile–water in the range 0–30% (v/v) D2O–CD3CN
shows that the complex cation (M+ = [PtII(phen)(L1-S,O)]+) aggregates to form dimers, 2M+ ⇌ {M+}2, with
association constants ranging from KD(CD3CN) = 17 ± 2 M
−1 to KD(30% (v/v) D2O–CD3CN) = 71 ± 8 M
−1
at 299.3 K, presumably via non-covalent cation–π interactions. Experimental data are consistent with an
‘offset’ face-to-face cation–π stacking arrangement of the planar cation. However in water-rich solvent
mixtures from >30% (v/v) D2O–CD3CN to pure D2O, the extent of aggregation significantly increases
until a critical aggregation concentration (CAC) is reached, estimated to be 9.6 and 10.3 mM from
1H NMR chemical shift concentration dependence and DOSY NMR measurements respectively. Above the
CAC the formation of nano-structures formulated as {[PtII(phen)(L1-S,O)]+}nCl
−
y (n, y > 2) is indicated.
DOSY studies show a significant decrease of the average diffusion coefficient Dobs as a function of
increasing concentration of [PtII(phen)(L1-S,O)]Cl in D2O. The aggregation number (N) estimated from
hydrodynamic volumes of the mononuclear [PtII(phen)(L1-S,O)]+ cation (V0H), and those VH estimated
from Dobs (N = VH/V
0
H) as a function of total complex concentration, ranges from ∼2 to ∼735 in pure D2O.
Above the CAC well defined nano-structures which may be loosely termed “metallogels” could be charac-
terized by means of transmission electron microscopy. As expected the addition of NaCl appears to
increase the extent of aggregate formation, by presumably stabilizing the formation of nano-sized {[PtII-
(phen)(L1-S,O)]+}nCl
−
y aggregates preventing excessive positive electrostatic charge build-up.
Introduction
The ‘self-association’ of transition metal complexes, which
display biological activity of potential pharmaceutical use, has
been the subject of extensive interest in the last decade since
their detailed physiochemical behaviour particularly in
aqueous solution may have important implications on their
mode of action.1–5 Our interest in the chemistry of planar, cat-
ionic mixed-ligand PtII complexes of the general type [PtII(di-
imine)(Ln-S,O)]+ (where diimine is 2,2-bipyridine or 1,10-
phenanthroline and HLn-S,O are various chelating N-acyl-N,N-
dialkylthioureas) arises from their interesting biological
activity ranging from potential anti-malarial activity6 to DNA-
intercalation and demonstrable in vivo activity toward bacterial
E. coli AB1886 (uvr A) cultures.7 Preliminary work also shows
that such complexes undergo some interesting DNA-templated
‘biomineralization’.8 The in vitro anti-malarial activity6 of [PtII-
(diimine)(Ln-S,O)]+ is postulated to arise from inhibition of
β-hematin formation (synthetic hemozoin or malaria pigment)
presumably as a result of the cationic planar complex [PtII-
(diimine)(Ln-S,O)]+ forming moderately strong outer-sphere
aggregates with ferriprotoporphyrin IX, as can be demon-
strated in 40% aqueous dimethyl sulfoxide (DMSO) solution,
possibly through non-covalent cation–π interactions.6 Moreover
the 1H NMR spectra of the series of cationic [PtII(diimine)-
(N,N-di(n-butyl)-N′-benzoylthiourea]+ complexes (as PF6
− salts
where diimine = 1,10-phenanthroline, 4,7-diphenyl-1,10-phe-
nanthroline, 2,2-bipyridyl, 4,4-di-tert-butyl-2,2-bipyridyl and
†This paper is dedicated to Professor Stefan Berger (Leipzig University), on the
occasion of his retirement.
‡Electronic supplementary information (ESI) available: Consists of tables of all
the 1H and PFGE NMR data and related graphics. See DOI: 10.1039/c2dt32053c
Platinum Metals Chemistry Research Group, Department of Chemistry and Polymer
Science, University of Stellenbosch, P Bag X1, Matieland, 7602, South Africa.
E-mail: krk@sun.ac.za; Fax: ++2721 808 2344; Tel: ++2721 808 3020
This journal is © The Royal Society of Chemistry 2013 Dalton Trans., 2013, 42, 3791–3801 | 3791
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4,4-dimethyl-2,2-bipyridyl) in acetonitrile at room temperature
show significant concentration dependence, consistent with
the formation of non-covalent dimer aggregates 2M+ ⇌ {M+}2
(where M+ = [PtII(diimine)(Ln-S,O)]+).9 This concentration
dependence of the 1H NMR chemical shifts can be used to esti-
mate the association constants of such an aggregation process,
while the relative spatial orientation of the molecules under-
going non-covalent association may be inferred from the
extent of the relative changes in 1H NMR chemical shifts
induced as a function of concentration.9–12 A recent, detailed
study of the water-soluble [PtII(1,10-phenanthroline)(N-pyrroli-
dyl-N-(2,2-dimethylpropanoyl)-thiourea)]Cl ([PtII(phen)(L1-S,O)]-
Cl) in acetonitrile showed that the non-covalent aggregation of
the cationic [PtII(phen)(L1-S,O)]+ complexes results in dimer
aggregates 2M+ ⇌ {M+}2 in solution (Scheme 1), while the
[PtII(phen)(L1-S,O)]+ cation certainly forms non-covalent hetero-
aggregates with aromatic molecules such as fluoranthene (F)
corresponding to M+ + F ⇌ M+F in acetonitrile, with an esti-
mated association constant KB ∼ 67 ± 7 M−1 at room tempera-
ture.13 Moreover, in water rich acetonitrile solutions the
1H NMR spectra of the [PtII(phen)(L1-S,O)]+ become progress-
ively broader as the relative amount of water increases. This
corresponds to similar unpublished observations of extremely
broad, almost featureless 1H NMR spectra obtained in D2O at
room temperature of the highly water-soluble complex [PtII(di-
imine)(N,N-di(2-hydroxyethyl)-N′-benzoylthiourea)]Cl (Fig. S1‡).14
These interesting NMR spectra suggest formation of larger
nano-scale aggregate structures in water of such cationic com-
plexes,14 the detailed nature of which has not been established
to date.
We here report a study of the non-covalent aggregation be-
haviour of [PtII(phen)(L1-S,O)]+ cations in acetonitrile–water
mixtures ranging from pure acetonitrile to pure water by
means of the concentration dependence of the 1H NMR and
Diffusion Ordered Spectroscopy (DOSY) techniques, sup-
plemented by transmission electron microscopy to elucidate
the nature of these phenomena, and the nano-aggregates
which appear to form in water.
1H diffusion ordered spectroscopy is a suitable technique
for studying aggregation behaviour in solution since diffusion
coefficients, which are very sensitive towards changes in the
molecular/aggregate size, and the number of individual mole-
cules, which constitute an aggregate, may be approximately
estimated using the Stokes–Einstein equation.15,16 Our aim is
to mimic the biological media in which such complex cations
may be active, particularly in the context of their potential
anti-malarial activity in vitro and/or in vivo.17
Results and discussion
The effect of solvent composition (0–30% (v/v) D2O–CD3CN)
on aggregation of [PtII(phen)(L1-S,O)]Cl
In pure acetonitrile, the 1H NMR chemical shift concentration
dependence trends (Fig. 1a) in 10% (v/v) D2O–CD3CN, as well
as estimated diffusion coefficients by DOSY NMR (vide infra),
of [PtII(phen)(L1-S,O)]Cl can satisfactorily be accounted for by
means of an aggregation model resulting in essentially exclu-
sive formation of a {[PtII(diimine)(Ln-S,O)]+}2, consistent with a
non-covalent cation–π association of [PtII(phen)(L1-S,O)]+ as
demonstrated for related complexes previously.9,13 However, by
increasing the water content in these solutions, the 1H NMR
resonances as a function of [PtII(phen)(L1-S,O)]Cl concen-
tration at 299.3 K become significantly broader as shown for
100% D2O in Fig. 1b. Moreover, all the
1H NMR peaks of the
diimine moiety of the platinum complex show relatively larger
upfield chemical shift displacements in the spectrum (peaks
become more shielded) as the water content of the solutions
increases, as well as on increasing concentration of the [PtII-
(phen)(L1-S,O)]+ for a given acetonitrile–water mixture. Since
only one set of resonance signals is observed in the 1H NMR
spectra for the [PtII(phen)(L1-S,O)]+ complex/aggregate under
any conditions, this is consistent with fast to intermediate
exchange on the NMR timescale for the temperature range of
267.1 to 309.6 K. The relative upfield displacements of the
δobs(H
2) and δobs(H
9)§ resonances (δ/ppm) of the diimine
moiety of the [PtII(phen)(L1-S,O)]+ cation are significantly more
pronounced compared to the 1H NMR signals of the N-acyl-
N,N-dialkylthiourea moiety with increasing concentration
(Fig. 1a) and increasing water content of the solvent mixture
(Fig. 1b). The relative changes of δobs(H
2/9)/ppm induced as the
concentration of [PtII(phen)(L1-S,O)]Cl increases from 0.34 to
10.3 mM are significantly larger in pure D2O compared to
acetonitrile (ΔmaxδCD3CN = 0.28 ppm to Δ
maxδD2O = 0.41 ppm).
Similar trends have been reported for the related [PtII(diimine)-
(N,N-di(n-butyl)-N′-benzoylthiourea)]+ cation (Fig. S1‡).14 The
experimental trends of δobs(H
2) as a function of [PtII(phen)-
(L1-S,O)]Cl concentration in solutions up to 30% (v/v) D2O–
CD3CN at various temperatures are shown in Fig. 2. Non-linear
least squares fitting of the experimental δobs(H
2) data to a
dimer aggregate model 2M+ ⇌ {M+}2 (M
+ = [PtII(phen)(L1-S,O)]+)
results in excellent agreement, allowing for estimated KD
(RSDmax < 13%) values in 0, 10, 20 and 30% (v/v) D2O–CD3CN
shown in Table 1 in a temperature range 282.6–309.6 K.
Standard reaction enthalpy (ΔrH0) and entropy (ΔrS0) values
were estimated from the Van’t Hoff plots shown in Fig. S2;‡
the good linear plots of Ln KD vs. 1/T are consistent with only a
dimer 2M+ ⇌ {M+}2 equilibrium and rule out other possible
Scheme 1 Postulated ‘average’ structure of a {[PtII(phen)(L1-S,O)]+}2 dimer
aggregate in solution based on 1H NMR shielding trends as a function of
concentration.
§The protons H2 and H9 of the diimine moiety are most sensitive to changes in
concentration and solvent composition.
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competing association processes or equilibria, such as ion-
pairing and/or higher order aggregate formation for these
solvent compositions (≤30% (v/v) D2O–CD3CN).
The increase in KD by a factor of 4–5 when the solvent
composition is changed from pure acetonitrile to 30% (v/v)
D2O–CD3CN mixtures indicates that the dimer
aggregate {[PtII(phen)(L1-S,O)]+}2 is clearly favoured
with increasing water (D2O) content, as might be anticipated
due to the expected hydrophobicity of such planar
complex cations.
Fig. 1 1H NMR spectra (599.99 MHz) of [PtII(phen)(L1-S,O)]+ showing the chemical shift dependence of the 1,10-phenanthroline protons on the concentration of
[PtII(phen)(L1-S,O)]+ in solutions containing (a) 10% (v/v) D2O–CD3CN (0.3–26.4 mM, 299.3 K) and (b) D2O (0.3–25.0 mM, 309.6 K).
Fig. 2 Excellent agreement between the dimer model least-squares fits and the experimental (symbols) chemical shift dependence of the 1,10-phenanthroline H2
proton a concentration probe of [PtII(phen)(L1-S,O)]Cl in (a) 0 : 100, (b) 10 : 90, (c) 20 : 80 and (d) 30 : 70 (v/v) D2O–CD3CN mixtures. (Calculated monomer and dimer
chemical shifts available in the ESI Table S1.‡)
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The process 2M+ ⇌ {M+}2 is evidently enthalpy driven (ΔrH0
< 0) while a negative standard reaction entropy (ΔrS0 < 0) is
consistent with an aggregation/association process.18 Interest-
ingly the enthalpy of the dimer formation (ΔrH0) decreases
somewhat on passing from pure acetonitrile (ΔrH0 = −25.1 kJ
mol−1) to a 10% (v/v) D2O–CD3CN (ΔrH0 = −19.7 kJ mol−1)
mixture, after which the reaction enthalpy remains essentially
constant within experimental error for 20 and 30% (v/v) D2O–
CD3CN solutions. By contrast the ΔrS0 becomes systematically
less negative as the D2O content increases, Table 1. Doty and
Myers attributed similar trends in ΔΔrS0 for dimerization of
protein moieties to the dehydration of charged groups upon
aggregation, while Kauzmann and Scheraga suggested that
this trend may be due to non-covalent hydrophobic bonding of
non-polar groups increasing the degree of freedom of the
water molecules close to hydrophobic groups.19–21 It is thus
reasonable to postulate that the trends in ΔΔrS0 observed in
this study may be attributed to the “hydrophobicity” of the
coordinated 1,10-phenanthroline moiety, the effects of which
become more significant as the solvent polarity increases with
increasing water content of the solvent mixture (dielectric con-
stant, εwater = 78.5 and εacetonitrile = 37.5).
22,23
The δ(1H) trend differences for 1H peaks of the 1,10-phe-
nanthroline moiety as compared to butyl and N-pyrrolidyl 1H
signals of [PtII(phen)(L1-S,O)]+ as a function of concentration
and temperature are entirely consistent with a regiospecific
face-to-face stacking arrangement of the [PtII(phen)(L1-S,O)]+
cations in a dimer (Scheme 1) in these solutions up to 30%
(v/v) D2O–CD3CN as previously postulated in pure aceto-
nitrile.9,13 Essentially the two planar complex cations interact
with one another through cation–π interactions in a character-
istic ‘offset’ stacking configuration consistent with the model
proposed by Hunter and Sanders24 in their study on the nature
of “π-stacking interactions” based on porphyrin–porphyrin
aggregation.
The observed shielding trends as a function of concen-
tration particularly of the H2 and H9 protons of the
coordinated diimine moiety clearly rule out a possible
“T-shaped” cation–π interaction in these solutions.24
Aggregation behaviour of [PtII(phen)(L1-S,O)]Cl in water-rich
mixtures >30% (v/v) D2O–CD3CN
In water-rich acetonitrile >30% (v/v) D2O–CD3CN mixtures sig-
nificantly broader 1H NMR resonances are observed for all the
1H peaks associated with the diimine moiety in [PtII(phen)-
(L1-S,O)]+ (Fig. 1b), eventually resulting in poorly resolved 1H
NMR spectra. Additionally, the even more pronounced shield-
ing of the H2 and H9 protons of the diimine moiety with
increasing [PtII(phen)(L1-S,O)]+ concentrations suggests the
formation of a larger scale structure/aggregate in solution. Sig-
nificantly, application of a simple dimer 2M+ ⇌ {M+}2 model
to the experimentally observed 1H NMR shielding trends fails
to account for these satisfactorily, particularly as the water
content of the solvent increases to pure D2O.
The significant line-broadening of 1H NMR peaks in D2O
may be associated with a decrease in the T2 relaxation times as
estimated from 1H NMR peak width at half-height (Δυ1/2 ∝
1/T2) under optimum magnetic field homogeneities.
25,26 The
measured 1H NMR resonance half-height (Δυ1/2) of the H2/9
resonances in [PtII(phen)(L1-S,O)]+ increases from 0.9 Hz in
pure CD3CN to 18 Hz in pure D2O at constant temperature.
The extremely pronounced 1H NMR broadening observed
for [PtII(diimine)(N,N-di(2-hydroxyethyl)-N′-benzoylthiourea)]Cl
(Fig. S1‡) in D2O, and an inverse dependence of line-width
with temperature14 undoubtedly indicate that whatever the
nature of the aggregate structure(s) formed in solution must
have significantly larger average molecular weights.27 We pos-
tulate that non-covalent inter-molecular interactions associated
with the formation of large nano-sized aggregates with high
molecular weight D2O are likely to result in significant short-
ening of the T2 relaxation times consistent with larger struc-
tures and thus longer molecular correlation/tumbling times τc
commonly associated with macromolecules.26–28 The greater
degree of shielding of inter alia H2/9 with increasing complex
Table 1 Thermodynamic data for the self-association of [PtII(phen)(L1-S,O)]+ in 0–30% (v/v) D2O–CD3CN solutions as calculated from
1H NMR chemical shift con-
centration and temperature dependence
Percentage (v/v) D2O–CD3CN Temperature (K) KD (M
−1) ΔrH0 (kJ mol−1) ΔrS0 (J mol−1 K−1) ΔrG0 (kJ mol−1)
0 309.6 12 (±1)
299.3 17 (±2) −25.1 (±3.1) −61 (±11) −7.0
291.6 22 (±2)
282.6 29 (±3)
10 309.6 20 (±2)
299.3 27 (±3) −19.7 (±2.4) −40 (±7) −8.0
291.6 33 (±3)
282.6 41 (±5)
20 309.6 29 (±3)
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concentration in D2O (due to the chemical shift anisotropy
(CSA) phenomenon) illustrated by the data in Fig. 3 for several
temperatures is consistent with more extensive cation–π aro-
matic-ring stacking expected for the planar quasi-aromatic
[PtII(phen)(L1-S,O)]+ cation. Despite our best efforts, the shield-
ing trends in D2O and (water rich solutions > (v/v) D2O–
CD3CN) could also not be satisfactorily accounted for by
simple or even higher order aggregation models such as
trimer-, tetramer formation, etc. We therefore propose a mul-
tiple aggregate formation model leading to the formation of
structures formulated as {[PtII(phen)(L1-S,O)]+}nCl
−
y (n and y
variable but >2) similar to a model proposed for procyanidin
aggregation in a wine-like medium described by Pianet et al.,29
illustrated in Scheme 2.
Our experimental NMR data in D2O are consistent with a
model described in Scheme 2, in which at relatively low total
complex concentrations initially, (a) the self-association of
[PtII(phen)(L1-S,O)]+ cations results in dimer aggregates, which
however eventually lead to the formation of {[PtII(phen)-
(L1-S,O)]+}nCl
−
y structures via an unspecified number of
sequential equilibria (Ki+1), as the total complex concentration
increases; (b) above a certain critical concentration of [PtII-
(phen)(L1-S,O)]+, which may for convenience be termed a ‘criti-
cal aggregation concentration’ (CAC), similar to the well-
known critical micelle concentration (CMC), larger nano-sized
aggregate structures appear to form with concomitant ion-pair
formation by Cl− ions, to offset excessive positive charge build-
up as a result of the formation of a charged ‘cation-aggregate’
(Scheme 2b).29
In support of such a CAC model, a plot of δobs(H
2) of [PtII-
(phen)(L1-S,O)]+ against 1/[M]T ([M]T = total [Pt
II(phen)(L1-
S,O)]Cl concentration) results in two quasi-linear regions
(Fig. 4), the intercept of such lines gives an estimate of the
critical aggregation concentration30,31 in D2O for the [Pt
II-
(phen)(L1-S,O)]+ complex as listed in Table 2. The estimated
CAC for [PtII(phen)(L1-S,O)]+ increases with temperature as
may be expected given that the aggregation process is enthalpy
driven (ΔrH0 < 0), suggested by data in Table 1.
Effect of chloride ion concentration on [PtII(phen)(L1-S,O)]+
aggregation in water
The extent of aggregation of cationic [PtII(phen)(L1-S,O)]+ com-
plexes to form dimer {M}2
2+ type structures in mainly aceto-
nitrile and in water the postulated nano-scale aggregate
structures {[PtII(phen)(L1-S,O)]+}n is likely to lead to
Scheme 2 Postulated aggregation model of [PtII(phen)(L1-S,O)]Cl in aqueous
solutions consisting of two major equilibrium processes with (a) an accumulative
aggregation with Ki the respective association constant corresponding to the ith
monomer associating to the aggregate and (b) the formation of nano-sized
aggregates after a specific critical aggregation concentration (CAC).
Fig. 4 The observed 1H chemical shift of H2 at temperatures 299.3–331.5 K
against 1/[M]T were [M]T = Total [Pt
II(phen)(L1-S,O)]Cl concentration in D2O. The
expansions and extrapolations of the 1H NMR chemical shift concentration
dependence of all temperatures are displayed in Fig. S3.‡ (Note: the dotted lines
are aids for trend visualization.)
Table 2 Estimated critical aggregation concentrations (CAC) in D2O from con-
centration dependence δobs(H
2) data at various temperatures, as well as
diffusion coefficient (Dobs) dependence on concentration at 299.3 K
Temp (K) 299.3 309.6 319.9 331.5
δ, CAC mM 9.6 (±0.6) 12.0 (±0.7) 13.9 (±0.9) 14.9 (±0.9)
D, CAC mM 10.3 (±1.5)
Fig. 3 The 1H NMR chemical shift dependence of H2 on [PtII(phen)(L1-S,O)]Cl
concentration in D2O at temperatures 299.3, 309.6, 319.9, and 331.5 K. (Note:
the dotted lines are aids for trend visualization.)
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electrostatic positive charge build-up, which is probably
partially offset by the chloride ion ion-paring/association in
solution. Thus the effective Cl− : cation ratio may be expected
to stabilize and/or affect the formation of aggregate structures
in D2O. This is confirmed by the significant shielding induced
in the δobs(H
2) peak of the 1,10-moiety of [PtII(phen)(L1-S,O)]+
on “titration” of a 4.54 mM solution of [PtII(phen)(L1-S,O)]+
below the CAC, with NaCl solution in D2O increasing the
effective [Cl]− from 10.5 to 346.7 mM, as illustrated in Fig, S4,‡
corresponding to a Cl− : cation ratio of ca. 2 to 77. Further
increases to a Cl− : cation ratio to >80 lead to precipitation of a
yellow solid from solution. The shielding induced in δobs(H
2/9)
as a result of increasing the Cl− : cation ratio cannot be
solely due to ionic strength increases, since the corresponding
1H NMR chemical shifts of the butyl and N-pyrrolidyl
protons are comparatively small compared to the diimine
protons, while the residual solvent peak and any minor impu-
rities in the 1H NMR spectrum remain essentially unaffected
over the titration range. These trends suggest that the overall
‘size’ of the nano-scale aggregate {[PtII(phen)(L1-S,O)]+}nCl
−
y
appears to grow in size (n, y increase) or at least be
stabilized with increasing Cl− : cation ratio, until precipitation
from solution occurs, akin to the well-known “salting-out”
phenomenon.
Thus in water, or at least in water-rich acetonitrile mixtures
above 30% (v/v) D2O–CD3CN, the proposed positively charged
aggregate structures of the [PtII(phen)(L1-S,O)]+ complex cation
as envisaged in Scheme 2 may be reasonably represented by
eqn (1):
f½PtIIðphenÞðL1  S;OÞþgnCly þ x½PtIIðphenÞðL1  S;OÞþ þ zCl
Ð f½PtIIðphenÞðL1  S;OÞþgðnþxÞClðyþzÞ
ð1Þ
Diffusion ordered NMR spectroscopy
A semi-quantitative estimate of the effective number of
complex cations (n) which may constitute the postulated nano-
sized aggregate structure would lend convincing support to
this model.
Based on the expectation that the translational diffusion of
such aggregates in solution should depend significantly on
their effective ‘size’ as suggested by the concentration depen-
dence of 1H NMR shielding data, 1H DOSY NMR was used to
study this phenomenon in solution. Data from DOSY NMR
experiments in the concentration range 0.34–76.08 mM [PtII-
(phen)(L1-S,O)]+ at 299.3 K in D2O are shown in Fig. 5 and
Table 3. Single exponential decay fits the attenuation of the 1H
DOSY NMR data very well, and indicates that the observed
diffusion coefficient (Dobs) is an average of that of the mono-
nuclear [PtII(phen)(L1-S,O)]+ and all aggregate species in solu-
tion (Dobs = αmDm+…+αiDi) in solution. The Dobs for the
[PtII(phen)(L1-S,O)]+ in water shows a significant decrease as a
function of concentration (Fig. 5a), consistent with a higher
order aggregate formation.
Fig. 5 (a) [PtII(phen)(L1-S,O)]Cl diffusion coefficient (Dobs) and average aggre-
gation number (N) (N = VH/V
0
H) as a function of [Pt
II(phen)(L1-S,O)]Cl concen-
tration in pure D2O. (b) The effect of Cl
− addition (NaCl) on the diffusion
coefficient of [PtII(phen)(L1-S,O)]Cl (concentration indicated as [Z]) and the cal-
culated average number of molecules (N) with nCl−/nM+ the mole ratio of Cl
−
over [PtII(phen)(L1-S,O)]+ in D2O.
Table 3 Diffusion coefficient (D) concentration dependence data, calculated
hydrodynamic radii (rH) and average aggregation numbers (N), with N = VH/V
0
H
where VH is the volume calculated from rH and V
0
H the estimated volume of a
monomer at infinite dilution
Concentration




76.08 0.36 56.1 739 692 735
59.72 0.52 39.1 250 561 304
45.14 0.61 32.9 148 577 148
28.84 0.85 23.7 55 532 55.2
17.31 1.14 17.7 23 345 23.2
11.54 1.35 14.9 13 818 13.7
9.230 1.47 13.7 10 708 11.1
6.922 1.55 13.0 9120 9.06
4.615 1.67 12.1 7335 7.29
3.462 1.77 11.4 6182 6.35
2.307 1.84 10.9 5458 5.42
1.154 2.05 9.84 3990 4.08
0.721 2.16 9.34 3415 3.39
0.481 2.42 8.32 2415 2.40
0.337 2.59 7.76 1961 1.95
0a 3.24 6.22 1007 1
a Extrapolated to infinite dilution using the Dobs vs. 1/[M]T plot.
Paper Dalton Transactions
3796 | Dalton Trans., 2013, 42, 3791–3801 This journal is © The Royal Society of Chemistry 2013
Stellenbosch University http://scholar.sun.ac.za
The Stokes–Einstein equation D = kT/6πηrH may be used to
estimate the hydrodynamic radii of species from the measured
diffusion coefficients, where k is the Boltzmann constant, η the
solvent viscosity, and rH the hydrodynamic radius. Since the
diffusion coefficient obtained for [PtII(phen)(L1-S,O)]+ is the
average between all species in solution, the rH is an average
value. Although the Stokes–Einstein equation is only a crude
approximation for estimating the ‘size’ of a square planar
[PtII(phen)(L1-S,O)]+ complex, the changes in the average rH as
a function of concentration may be useful to support the pro-
posed aggregation model herein. The rH of a single monomer
(r0H) has been estimated by extrapolating the Dobs to infinite
dilution from the plot of Dobs vs. 1/[M]T, Fig. 6. An estimate of
the CAC at ca. 10.3 ± 1.5 for this complex may also be obtained
from this plot, which is in satisfactory agreement with the CAC
values obtained by the simple δ(H2) concentration dependence
data shown in Table 2.
The extent of aggregation can be estimated by considering
the aggregation number (N) calculated from the hydrodynamic




32 Table 3 lists the data obtained from this system from
the 1H DOSY NMR experiments at 299.3 K. The average aggre-
gate-number in solution increases from N ∼ 1.95 at the lowest
practically measureable concentration by DOSY NMR of
0.34 mM of [PtII(phen)(L1-S,O)]+ with an estimated hydrodyn-
amic radius of ca. 7.8 Å and VH = 1961 Å
3, to a maximum N ∼
735 ([M]T = 76.1 mM) corresponding to a ‘size’ of ca. 735 nm
3
for the postulated nano-aggregate structure of {[PtII(phen)(L1-
S,O)]+}nCl
−
y structure(s) in solution.
Significant changes in Dobs are seen in D2O for a 4.5 mM
[PtII(phen)(L1-S,O)]+ solution ([Z] dashed line in Fig. 5a) upon
increasing the Cl− : cation ratio by means of ‘titration’ with
NaCl. The 4.5 mM concentration was chosen well below the
CAC value of 9.6 mM to show the maximum effect. In this way
the calculated average aggregation number (N) of [PtII(phen)-
(L1-S,O)]+ increased from 8 to a maximum of ca. 176 for the
highest practical Cl− : cation ratio (nCl−/nM+), before precipi-
tation occurs (Fig. 5b). The increase in NaCl concentration up
to a maximum of ∼342 mM might be expected to increase the
viscosity of the solution significantly, although the estimated
overall change in viscosity is at most ca. 0.02 mPa s−1, which
results in a difference of only ca. 1.8–2% in the calculated
diffusion coefficients.33 These data satisfactorily confirm the
effect of increasing the Cl− : cation ratio on the postulated
nano-aggregate (“metallogel”) formation of {[PtII(phen)(L1-
S,O)]+}nCl
−
y type structures in water, as summarized by the
equilibrium (1) above. Such nano-aggregate structures are
likely to be well within a size range possibly observable by
means of transmission electron microscopy (TEM).
Transmission electron microscopy (TEM)
TEM images obtained from 10–15 mM [PtII(phen)(L1-S,O)]Cl
solutions in water and stained with uranyl acetate revealed the
presence of well-defined ‘spaghetti-like’ aggregate structures
with a diameter of ca. 20 nm, as shown in Fig. 7a. Similar TEM
images have been obtained for the series of related highly
water-soluble complexes [PtII(diimine)(N,N-di(2-hydroxyethyl)-
N′-benzoyl-thiourea)]Cl from unpublished studies,14 of which a
representative image is shown in ESI (Fig. S5‡). The maximum
diameter of the spaghetti-like aggregates observed in the TEM
images of [PtII(phen)(L1-S,O)]Cl appears to be limited to
ca. 20 nm, with the uranyl acetate stain accumulating at the
surface/edges of these aggregates. Images obtained from [PtII-
(phen)(L1-S,O)]Cl from pure acetonitrile solutions confirm that
the extent of aggregation from acetonitrile solutions is signifi-
cantly less pronounced, resulting in only poorly defined irregu-
lar structures of variable and smaller average size (Fig. 7b).
In keeping with the findings of Pianet and co-workers for
the self-association of synthetic procyanidins,29 solutions of
[PtII(phen)(L1-S,O)]+ in water also show a time dependent
colloid formation process, resulting in micron-sized structures
from solutions of high [PtII(phen)(L1-S,O)]+ concentration after
aging (>7 days) as observed in TEM images shown in Fig. S6.‡
Preliminary Tyndall light-scattering experiments also confirm
such an aging effect for concentrated solutions. Furthermore
Atomic Force Microscopy (AFM) images of a spin-dried droplet
of [PtII(phen)(L1-S,O)]Cl dissolved in acetonitrile reveal the
presence of micron-sized “spaghetti-like” structures, remark-
ably similar in overall appearance and morphology to those
obtained from TEM images (Fig. S7‡).
The possibility of a secondary helical structure was con-
sidered since the TEM images of the observed aggregates have
a distinct size and shape. High-resolution TEM of samples pre-
pared on a carbon-coated grid immediately after dilution of a
solution containing nano-aggregates at concentrations above
the CAC shows that the secondary structure appears to form
from the agglomeration of ‘strands’ of {[PtII(phen)(L1-
S,O)]+}nCl
−
y aligned parallel to each other, with a diameter of
ca. 2 nm (Fig. 7c and S8‡). TEM images obtained from
samples in diluted solutions left to ‘age’ (±2 h) do not show
any structures in the nano-range as can be obtained from
more concentrated freshly prepared samples. Evidently upon
Fig. 6 [PtII(phen)(L1-S,O)]+ diffusion coefficient at 299.3 K against 1/[M]T, were
[M]T = Total [Pt
II(phen)(L1-S,O)]Cl concentration. (Note: The dotted lines are aids
for trend visualization.)
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dilution a type of dis-aggregation into presumably monomer
and dimer species of [PtII(phen)(L1-S,O)]Cl appears to take
place.
On the basis of all the experimental data, it is tempting to
postulate a qualitative aggregate growth model for the non-
covalent association of [PtII(phen)(L1-S,O)]+ in water or water-
rich solutions. Our data are consistent with a region-specific
aggregation process of the hydrophobic planar [PtII(phen)(L1-
S,O)]+ cations postulated in Scheme 1, strongly indicating a
preferred cation–π “stacking” orientation, as found here and as
suggested in previous studies with a related compound.9,13
The driving force for the self-association or “stacking” of
[PtII(phen)(L1-S,O)]+ is most likely to be the result of a combi-
nation of cation–π interactions accentuated by hydrophobic
effects. Despite numerous efforts we have unfortunately not
been able to obtain suitable single crystals for X-ray diffraction
analysis.
An estimation of the approximate dimensions of the planar
[PtII(phen)(L1-S,O)]+ cation from the data obtained from crystal
structures of the related [PtII(en)(phen)]Cl2
34 and cis-[PtII(L1-
S,O)2]
35 complexes yields ca. 1.5 ± 0.2 nm, suggesting that a
single ‘strand’ of [PtII(phen)(L1-S,O)]+ in a parallel co-planar
stacking arrangement does not completely account for the ca.
20 nm nano-sized “spaghetti-like” structures observed in the
Fig. 7 TEM images of [PtII(phen)(L1-S,O)]Cl in (a) water (b) acetonitrile* and (c) freshly diluted water with uranyl acetate as a stain. *Staining in acetonitrile was
done with uranyl acetate in ethanol.
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TEM images. We thus postulate that the nano-aggregates form
by means of agglomeration of single strands of presumably
individually stacked [PtII(phen)(L1-S,O)]+ cations in an offset
cation–π arrangement, most probably stabilized by negatively
charged chloride counter ions which may coil into the tube-
like super-structures observed in Fig. 7c and S8.‡ The aggrega-
tion of the individual strands of co-planar cation–π stacked
complexes may be facilitated by the chloride counter ion layers
around the strands to form a positively charged “core” and a
negatively charged outer layer of chloride ions to which the
next positively charged strand may align due to electrostatic
attractions. The overall diameter of the observed tube-like
structures in TEM images is limited to ±20 nm in diameter.
The apparent preferred accumulation of the cationic uranyl
stain on the outer surface of the nano-structures in the TEM
images is consistent with the aggregate formation model pos-
tulated here, in which the uranyl cations ion-pair with a nega-
tively charged chloride ‘layer’ on the surface of the stacked
cations [PtII(phen)(L1-S,O)]+ via π–cation interactions.
Conclusions
[PtII(phen)(L1-S,O)]+ cations (M+) ‘self-associate’ by non-
covalent intermolecular cation–π interactions in acetonitrile
solutions and water–acetonitrile mixtures of up to 30% (v/v)
D2O–CD3CN to form essentially dimer aggregates according to
the 2M+ ⇌ {M+}2 model. This process is strongly favored in
more polar water-rich solutions (ΔrG0CD3CN = −7.0 kJ mol−1;
ΔrG030%D2O–CD3CN = −10.4 kJ mol−1), with the corresponding KD
increasing from 17 ± 2 to 72 ± 8 M−1 at 299.3 K from aceto-
nitrile to 30% D2O–CD3CN mixtures. The experimental data
obtained suggest that the primary driving force for such
phenomena is consistent with mainly cation–π stacking inter-
actions, with the increase in the KD attributed to a favorable
contribution to a negative ΔrS0 as a result of the “hydrophobi-
city” of the quasi-aromatic nature of these complex cations.
Increasing the water content from >30% to 100% (v/v) D2O–
CD3CN results in the extent of aggregation significantly
increasing as a function of the [PtII(phen)(L1-S,O)]Cl concen-
tration, culminating in the formation of nano-sized structures
(“metallogels”) consisting of up to ca. 735 mononuclear
cations as determined by diffusion coefficients obtained by
means of DOSY NMR spectroscopy, above a critical aggregation
concentration (9.6–10.3 mM at 299.3 K). Experimental data
suggest that in water, excessive positive electrostatic charge
build-up in such structures may be partially offset by extensive
cation–π interactions as well as by ion-pairing with Cl− anions.
Uranyl acetate stained TEM images form freshly prepared
samples of [PtII(phen)(L1-S,O)]Cl and the related [PtII(diimine)-
(N,N-di(n-butyl)-N′-benzoylthiourea)]Cl compounds14 provide
convincing visual confirmation of the formation of extensive
tube-like structures, ca. 20 nm in diameter. Such interesting
behavior of [PtII(phen)(L1-S,O)]Cl in aqueous solution may
have important implications for the demonstrated bioactiv-
ity6,7 of these compounds.
Experimental section
Computational methods
Using the average observed chemical shift, δobs, eqn (2) (where
δi =
1H chemical shift, δi, and αi = mole fraction of species i)
and the total concentration of reagents, we calculated for the
reactions defined in the text the equilibrium constant(s), Ki,
and chemical shifts, δi, of individual species (monomers,





This particular type of non-linear least squares optimisation
calculation can be solved in several ways.36 We opted to use a
program called DIMER-KD, written by us several years ago to fit
data with a dimerization model9 (the program utilizes the
algorithm by Horman and co-workers10). When dealing with
multiple equilibria we used the program called Dynafit version
3.37 However, Dynafit version 3 uses the concentration of the
species, ci, and not mole fraction in the mass balance
equations and signal response calculations. This problem was
circumvented by multiplying eqn (2) with the total concen-
tration, CT, of the reagent of interest and after grouping terms,






1H NMR and DOSY experiments were recorded in 5 mm tubes
using a Varian Unity Inova 400 MHz spectrometer operating at
399.95 MHz or a Varian Unity Inova 600 MHz spectrometer
equipped with an inverse-detection pulsed field gradient
(idpfg) probe operating at 599.99 MHz. 1H NMR chemical shift
referencing was done using the corresponding solvent peak
with the HDO signal showing no chemical shift changes as a
function of complex concentration. Diffusion coefficients were
calculated using the Varian vnmrj software (version 2.1b) with
a line broadening of 1.0 Hz. Experimental parameters: pulse
sequence: Dbppste_cc (Bipolar Pulse Pair Stimulated Echo
with Convection Compensation), 1H spectral width: 11 ppm,
number of acquisitions varied from sample, recycling delay:
2 s, diffusion delay 50 ms, gradient-pulse duration 3.5 or
4.0 ms, 25 different values of G, the gradient magnitude,
varying between 0.0107 and 0.449 Gm−1 calibrated using the
diffusion coefficient of HDO in D2O.
38 Transmission electron
microscopy imaging was done on a Zeiss 912 OMEGA EFTEM
with a resolution of 0.35 nm and high resolution images were
recorded with a High Resolution FEI/Tecnai F20 Cryo TWIN
FEGTEM.
Synthesis of complexes
All reagents and solvents were commercially available, and
were used without further purification. The general method
described by Morgan and Burstall for the synthesis of PtII(1,10-
phenanthroline)Cl2 was used from commercially available
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K2[PtCl4] and 1,10-phenanthroline monohydrate.
39 N-Pyrroli-
dyl-N-(2,2-dimethylpropanoyl)thiourea was prepared as
described in the literature.35 [N-pyrrolidyl-N-(2,2-dimethylpro-
panoyl)-thioureato](1,10-phenanthroline) platinum(II) chloride
was prepared as previously described.13
Characterization
Previously the NMR characterization of [PtII(phen)(L1-S,O)]Cl
was done in acetonitrile-d3 by
1H, 1H-COSY, 1H15N-HMBC
NMR experiments.13 1H NMR assignments to the various
protons of [PtII(phen)(L1-S,O)]Cl could be made from the
1H-COSY spectra, although one unambiguous assignment for
the H2/9 protons was outstanding. Previously the diimine
proton of the 1,10-phenanthroline ligand trans to the sulphur
atom of the coordinated N-pyrrolidyl-N-(2,2-dimethylpropa-
noyl)thiourea was assigned based on the expectation of more
de-shielded as a result of a more pronounced trans effect
induced by the sulphur donor atom.9 The 1-D NOE spectra
(Fig. S9‡) showed a positive NOE for the most de-shielded
proton of the 1,10-phenanthroline ligand upon excitation of
the methyl protons of the N-acyl-N,N-dialkylthiourea ligand
(Fig. S9a‡) and vice versa (Fig. S9b‡). Moreover, upon selective
irradiation of the methyl protons H1′, NOE’s were observed for
H2 and Ha′ which now allows for the unambiguous assignment
of all 1H NMR resonances of the N-pyrrolidyl group (Ha′,b′ and
Ha,b), previously tentatively assigned on the basis of the rela-
tive magnitude of the relevant 195Pt-13C coupling constants.35
Hence the unambiguous assignment of the most de-shielded
1,10-phenanthroline proton and methylene protons of the
N-acyl-N,N-dialkylthiourea group could be assigned as H2 and
Ha′ respectively, Fig. 1.
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